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A	  science	  joke,	  based	  on	  a	  true	  incident:	  1	  Once	  in	  a	  hospital,	  somewhere	  in	  Germany.	  A	  neurologist	  and	  a	  neuropsychologist	  are	  talking	  about	  a	  patient	  who	  was	  recently	  admitted	  to	  the	  hospital.	  Neurologist:	  The	  patient	  has	  a	  short-­‐term	  memory	  deficit.	  Neuropsychologist	  (sceptical):	  How	  does	  it	  show?	  Neurologist:	  In	  the	  evening	  the	  patient	  has	  forgotten	  what	  he	  had	  for	  breakfast.	  Neuropsychologist:	  ???	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  













will	  be	  given	  on	   the	  current	   literature	  of	  how	  WM	  and	  LTM	  may	   interact	  and	   to	  what	  extent	   they	  may	  be	  functionally	  and	  neurally	  (in)dependent.	  
Models	  of	  working	  memory	  
Early	  models	  The	  distinction	  between	  WM	  and	  LTM	  has	  already	  been	  made	  by	  William	  James	  in	  his	  “Principles	  of	  Psychology”	   (1890)	   who	   then	   called	   these	   separate	   entities	   primary	   and	   secondary	   memory.	  Another	  influential	  memory	  theory,	  which	  distinguished	  a	  STM	  and	  LTM	  component	  was	  the	  multi-­‐store	  model	  by	  Atkinson	  and	  Shiffrin	   (1968).	   In	   their	  model,	  Atkinson	  and	  Shiffrin	   assumed	   three	  different	   memory	   stores:	   a	   sensory	   store,	   STM	   and	   LTM.	   The	   maybe	   somewhat	   simplistic	   model	  stated	   that	   attentional	   processes	   determine	   whether	   items	   will	   move	   to	   the	   short-­‐term	   storage.	  Subsequently,	  items	  can	  be	  transferred	  from	  the	  short-­‐term	  storage	  to	  the	  long-­‐term	  store,	  but	  only	  if	   they	  are	  rehearsed.	  Hence,	  all	   information	  that	  wants	   to	  arrive	   in	  LTM	  need	  to	  pass	   through	  the	  short-­‐term	   store.	  However,	   the	  modal	  model	   of	   Atkinson	   and	   Shiffrin	  modal	  model	  was	   criticized	  very	  soon	  after	   its	  publication	  as	  being	  at	  variance	  with	  then	  new	  empirical	   findings.	  For	  example,	  their	   proposal	   that	   holding	   and	   retrieving	   information	   in	   the	   short-­‐term	   store	  would	   “guarantee”	  transfer	  to	  LTM	  appeared	  to	  be	  disproven	  (Craik	  &	  Lockhart,	  1972;	  cf.	  Baddeley,	  2012).	  In	  addition,	  studies	  demonstrated	  that	  patients	  can	  be	  impaired	  on	  a	  WM	  task,	  without	  affecting	  performance	  on	  a	  LTM	  task	  (Warrington	  &	  Shallice,	  1969).	  Hence,	  information	  did	  not	  necessarily	  have	  to	  be	  in	  the	  short-­‐term	   store	   before	   entering	   into	   LTM,	   being	   inconsistent	  with	   the	   assumptions	   of	   the	  modal	  model.	  





Fig.	   1.	   Extended	   working	   memory	   model	   by	   Baddeley	   (2000)	   with	   the	   white	   areas	  representing	  the	  proposed	  subsystems	  particularly	  crucial	  for	  WM	  and	  the	  shaded	  areas	  representing	   more	   “crystallized”	   cognitive	   systems	   associated	   with	   LTM	   and	   LTM	  knowledge.	  Adapted	  from	  Baddeley	  (2000).	  Whereas	   the	  visual-­‐spatial	   sketchpad	   is	   assumed	   to	   temporarily	   retain	  and	   store	  visuo-­‐perceptual	  input,	   the	   phonological	   loop	   is	   thought	   to	   temporarily	   hold	   and	   store	   phonological	   input.	   The	  function	  of	  the	  most	  complex	  subcomponent,	  the	  central	  executive,	  is	  focusing	  of	  attention,	  dividing	  attention	  between	   two	   targets	  or	   stimulus	   streams,	   switching	  between	   tasks,	   and	   interfacing	  with	  LTM	   (Baddeley,	   2000;	   2012).	   In	   2000,	   Baddeley	   added	   a	   fourth	   component,	   the	   capacity-­‐limited	  episodic	   buffer,	   thought	   to	   hold	   “integrated	   episodes	   or	   chunks	   in	   a	   multidimensional	   code”	   and	  “linking	  WM	   to	   perception	   and	   LTM”	   (Baddeley,	   2012;	   p.	   15).	   Hence,	   whereas	   Baddeley	   used	   to	  regard	  WM	   and	   LTM	   as	   separate	   entities	   (e.g.,	   Baddeley	   &	   Hitch,	   1974;	   Baddeley	   &	  Warrington,	  1970)	  with	  no	  clear	  link	  between	  these	  two	  memory	  systems,	  he	  now	  suggests	  that	  they	  are	  linked,	  even	   suggesting	   that	   “if	   it	   is	   episodic	   memory	   (rather	   than	   non-­‐declarative	   memory	   or	   semantic	  memory;	   authors’	   note)	   then	   it	   has	   to	   go	   through	   working	   memory”	  (http://www.youtube.com/watch?v=k8Bgs8EarR0).	   Interestingly,	   by	   proposing	   that	   episodic	  memory	  has	  to	  go	  through	  WM,	  he	  seems	  to	  renounce	  one	  of	  his	  original	  reasons	  to	  reject	  the	  model	  by	  Atkinson	  and	  Shiffrin	  (1968)	  in	  the	  first	  place.	  	  




LTM	  store,	  (2)	  a	  subset	  of	  LTM	  which	  is	  currently	  activated,	  and	  (3)	  the	  focus	  of	  attention.	  Whereas	  the	  capacity	  of	  LTM	  is	  thought	  to	  be	  unlimited,	  the	  currently	  activated	  subset	  of	  LTM	  may	  comprise	  not	  more	  than	  three	  to	  four	  items	  (or,	  better,	  chunks,	   i.e.,	   the	  result	  of	  the	  grouping	  of	   information	  into	  one	  meaningful	  unit).	  Finally,	  the	  capacity	  limit	  of	  the	  focus	  of	  attention	  may	  not	  be	  larger	  than	  one	   chunk,	   representing	   the	   most	   heightened	   state	   of	   activation.	   In	   an	   analogy,	   Galton	   (1983)	  summarized	   this	   as	   follows:	   “There	   seems	   to	   be	   a	   presence-­‐chamber	   in	   my	   mind	   where	   full	  consciousness	  holds	  court,	  and	  where	  two	  or	  three	   ideas	  are	  at	   the	  same	  time	   in	  audience,	  and	  an	  ante-­‐chamber	   full	   of	   more	   or	   less	   allied	   ideas,	   which	   is	   situated	   just	   beyond	   the	   full	   ken	   of	  consciousness.”	  (Galton,	  1983;	  p.	  146).	  
	  






Models	  of	  long-­‐term	  memory	  
Distinct	  long-­‐term	  memory	  systems	  First,	  it	  is	  important	  to	  note	  that	  “LTM”	  is	  a	  broad	  term,	  comprising	  several	  distinct	  subtypes.	  A	  key	  distinction	   has	   been	  made	   between	   declarative	  memory	   (knowledge	   to	  which	  we	   have	   conscious	  access	  to)	  and	  non-­‐declarative	  memory	  (to	  which	  we	  do	  not	  have	  conscious	  access).	  Squire	  (1992)	  proposed	  a	  more	  fine-­‐grained	  classification	  of	  different	  LTM	  types	  (see	  Fig.	  3).	  
	  










unit	  and,	  hence,	  shares	  some	  similarities	  with	  the	  previously	  described	  phenomenon	  of	  “chunking”	  (Graf	  &	  Schacter,	  1989;	  Laberge	  &	  Samuels,	  1974).	  	  	  
Recognition	  vs.	  recall	  Another	  relevant	  distinction	  denotes	  two	  different	  retrieval	  demands,	  namely	  recall	  vs.	  recognition.	  Whereas	   recall,	   sometimes	   referred	   to	   as	   “free	   recall”,	   is	   a	   cue-­‐less	   type	   of	   testing	   memory,	  recognition	   memory	   is	   always	   cue-­‐based.	   That	   is,	   a	   sensory	   cue	   is	   given	   that	   may	   (or	   may	   not)	  trigger	  a	  sense	  of	  having	  encountered	  this	  specific	  item,	  stimulus	  or	  combination	  of	  stimuli	  before	  (if	  the	  presented	  item	  triggers	  or	  is	  supposed	  to	  trigger	  an	  associated	  item	  or	  stimulus,	  this	  would	  be	  called	   “cued	   recall”).	   For	   instance,	   in	   a	   memory	   task	   where	   participants	   are	   asked	   to	   try	   to	  remember	  a	  previously	  learned	  word	  list,	  the	  instruction	  in	  a	  free	  recall	  memory	  test	  would	  just	  be	  “please	  try	  to	  recall	  as	  many	  words	  from	  the	  list	  as	  possible”.	  In	  contrast,	   in	  a	  recognition	  memory	  paradigm,	  participants	  may	  receive	  a	  list	  of	  words	  that	  either	  were	  or	  were	  not	  part	  of	  the	  learned	  list	  and	  give	  an	  “old”	  or	  “new”	  rating	  for	  each	  word.	  In	  the	  present	  dissertation,	  given	  the	  stimuli	  and	  stimulus	   complexity	   used	   in	   the	   experiments	   (often	   faces,	   houses,	   irregular	   three-­‐dimensional	  objects	  or	  pictures	  of	  scenes)	  and	  hence	  the	  difficulty	  to	  verbally	  describe	  them,	  we	  exclusively	  used	  recognition	  memory	  paradigms,	  as	  is	  mostly	  done	  in	  visual	  WM	  and	  LTM	  tasks.	  	  




addition,	   recruitment	   of	   specific	   brain	   networks	   is	   also	   dependent	   on	   the	   modality	   of	   the	  memorandum,	   the	   stimulus	   type	   (e.g.,	   numbers,	   letters,	   complex	   scenes,	   faces)	   and	   possible	  additional	   processes	   required	   to	   perform	   the	   task	   (e.g.,	   manipulation	   of	   the	   information	   like	  inverting	  the	  order	  of	  a	  sequence	  of	  digits	  or	  associating	  /	  binding	  two	  arbitrary	  stimuli).	  However,	  next	   to	   these	  modality-­‐	   and	   process-­‐specific	   operations,	   it	   has	   been	   suggested	   that	  modality-­‐	   and	  process-­‐independent	  operations	  are	  required,	  recruiting	  supramodal	  frontal	  and	  parietal	  areas	  (see	  e.g.	   review	   by	   Linden,	   2007).	   These	   cognitive	   operations	   may	   comprise	   more	   basic	   cognitive	  functions	  such	  as	  sustained	  attention	  as	  well	  as	  cognitive	  control	  operations	  required	  in	  most,	  if	  not	  all,	  WM	  tasks.	  	  One	   powerful	   memory	   paradigm,	   developed	   to	   investigate	   which	   brain	   regions	   support	  successful	   memory	   formation	   and	   which	   has	   been	   used	   often	   in	   the	   iterature	   is	   the	   so-­‐called	  subsequent	  memory	  paradigm	  (Brewer,	  Zhao,	  Desmond,	  Glover,	  &	  Gabrieli,	  1998;	  Fernández	  et	  al.,	  1999;	  Wagner	  et	  al.,	  1998).	  In	  such	  a	  paradigm,	  participants	  are	  presented	  with	  a	  number	  of	  stimuli	  during	   the	   encoding	   phase	   and	   are	   subsequently	   (10	   minutes	   or	   more	   after	   scanning)	   tested	   on	  these	   stimuli.	   Trials	   are	   then	   sorted	   into	   those	   that	   were	   remembered	   versus	   those	   that	   were	  forgotten	  in	  the	  subsequent	  memory	  task.	  A	  greater	  fMRI	  (BOLD)	  signal	  in	  a	  certain	  brain	  region	  for	  stimuli	   that	   were	   remembered	   than	   for	   those	   later	   forgotten	   indicates	   that	   this	   brain	   region	   is	  involved	   in	   successful	   encoding.	   The	   short	   review	   on	   the	   cognitive	   neuroscience	   of	  WM	   and	   LTM	  that	  will	  be	  given	  in	  the	  following	  sections,	  is	  often	  based	  on	  this	  kind	  of	  paradigm.	  However,	  so	  far,	  only	  one	  study	  has	  been	  published	  that	  used	  such	  a	  paradigm	  for	  a	  WM	  task,	  that	  is,	  contrasting	  WM	  correct	  with	  WM	  incorrect	  trials	  (Hannula	  &	  Ranganath,	  2008).	  




hippocampal	   involvement	   for	   associative	   WM	   tasks	   come	   from	   different	   sources.	   For	   instance,	  patients	   with	   amnesia	   due	   to	   medial	   temporal-­‐lobe	   damage	   are	   disproportionately	   impaired	   on	  various	   relational	  WM	  memory	   tasks	   compared	   to	   single-­‐item	   conditions	   (Crane	   &	  Milner,	   2005;	  Giovanello,	   Verfaellie,	   &	   Keane,	   2003;	   Hannula,	   Tranel,	   &	   Cohen,	   2006;	   Hartley	   et	   al.,	   2007;	  Holdstock,	  Shaw,	  &	  Aggleton,	  1995;	  Nichols,	  Kao,	  Verfaellie,	  &	  Gabrieli,	  2006;	  Olson,	  Moore,	  Stark,	  &	  Chatterjee,	   2006;	   Piekema	   et	   al.,	   2007;	   Rose,	   Olsen,	   Craik,	  &	  Rosenbaum,	   2012;	   Turriziani,	   Fadda,	  Caltagirone,	  &	  Carlesimo,	  2004;	  but	  see	  Jeneson,	  Mauldin,	  Hopkins,	  &	  Squire,	  2011;	  Jeneson,	  Mauldin,	  &	   Squire,	   2010;	   Jeneson,	  Wixted,	   Hopkins,	   &	   Squire,	   2012;	   Stark,	   Bayley,	   &	   Squire,	   2002;	   Stark	  &	  Squire,	  2003).	  However,	  patient	  studies	  can	  not	  distinguish	  between	  different	  WM	  stages.	  But	  also	  functional	  neuroimaging	  studies	  demonstrated	  relatively	  greater	  hippocampal	  activation	  for	  bound	  vs.	   single-­‐item	   information	   (Davachi	   &	   Wagner,	   2002;	   Giovanello,	   Schnyer,	   &	   Verfaellie,	   2004;	  Pihlajamaki	   et	   al.,	   2003),	   for	   between-­‐	   vs.	   within-­‐domain	   associations	   (Piekema	   et	   al.,	   2009)	   and	  inter-­‐	   vs.	   intra-­‐item	   associations	   (Piekema	   et	   al.,	   2010)	   and	   this	   hippocampal	   involvement	   was	  typically	  particularly	  pronounced	  during	  the	  encoding	  phase.	  In	  addition,	  the	  only	  study	  that	  used	  a	  subsequent	  memory	  paradigm	  for	  a	  (visuo-­‐spatial)	  WM	  task	  (i.e.,	  contrasting	  WM	  correct	  with	  WM	  incorrect	  trials)	  reported	  greater	  hippocampal	  activation	  during	  the	  encoding	  phase	  for	  correct	  vs.	  incorrect	   trials.	   Moreover,	   prefrontal	   (ventrolateral	   prefrontal	   cortex)	   as	   well	   posterior	   parietal	  cortex	   have	   been	   shown	   to	   be	   differentially	   activated	   for	   correct	   vs.	   incorrect	   trials	   in	   a	   object-­‐location	  WM	  task	  (Hannula	  &	  Ranganath,	  2008).	  	  Sometimes	  this	  kind	  of	  evidence	  has	  been	  taken	  as	  evidence	  that	  a	  particular	  brain	  region	  is	  critical	   for	   WM	   processing.	   However,	   hippocampal	   activation	   (or	   activation	   in	   may	   other	   brain	  areas)	  during	   the	   execution	  of	   a	  WM	   task	  does	  not	  necessarily	   imply	   that	   this	   is	   a	  prerequisite	  of	  successful	  execution	  of	  the	  WM	  task.	  Rather,	  as	  I	  will	  argue	  later	  on,	  it	  could	  be	  associated	  with	  LTM	  processing	  or	  rather	  with	  cognitive	  processes	  that	  are	  classically	  more	  typically	  associated	  with	  LTM	  rather	  than	  WM	  (like	  e.g.	  more	  elaborate,	  semantically	  enriched	  processing).	  




possibly	   reflecting	   attentional	   and	   cognitive	   control	   processes.	   In	   addition,	   sustained	   activity	   in	  content-­‐specific	  brain	  areas	  has	  been	  reported,	   such	  as	  persistent	  activity	   in	   the	  parahippocampal	  place	  area	  when	  maintaining	  scenes	  or	  in	  fusiform	  gyrus	  during	  the	  delay	  phase	  when	  maintaining	  facial	  stimuli	  (Burgess,	  Jeffery,	  &	  O’Keefe,	  1999;	  della	  Rocchetta	  &	  Milner,	  1993;	  Milner,	  1962;	  Stuss	  et	   al.,	   1994).	   Interestingly,	   the	   idea	   that	   persistent	   neural	   activity	   underlies	   active	   online	   WM	  maintenance	  has	  been	  postulated	  decades	  ago.	  For	  example,	   the	  first	  electrophysiological	  evidence	  in	  monkeys	  in	  favour	  of	  this	  neural	  basis	  of	  WM	  maintenance	  has	  been	  reported	  in	  the	  early	  1970s	  (Fuster,	   1973;	   Fuster	   &	   Alexander,	   1971)	   and	   in	   monkey	   lesion	   studies	   as	   early	   as	   the	   1930s	  (Jacobsen,	  1935).	  However,	  as	  Gazzaley,	  Rissman	  and	  D’Esposito	  (2004)	  argued,	  persistent	  activity	  within	   isolated	   brain	   regions	   is	   most	   likely	   not	   the	   underlying	   mechanism	   of	   active	   information	  maintenance.	  Rather,	  complex	  interactions	  between	  distributed	  nodes	  of	  neural	  networks,	  possibly	  via	   transient	   changes	   in	   synaptic	   efficiency	   (Zucker	   &	   Regehr,	   2002)	   or	   synchronous	   oscillations	  between	  neuronal	  populations	  (Engel,	  Fries,	  &	  Singer,	  2001;	  Fell	  &	  Axmacher,	  2011;	   Jensen,	  2006;	  Jensen	   &	   Lisman,	   2005;	   Singer	   &	   Gray,	   1995)	   are	   thought	   to	   subserve	   active	  WM	  maintenance	   –	  processes	  which	  may	  be	  difficult	   to	  detect	  with	   techniques	   such	  as	   fMRI.	  This	   is	   supported	  by	   the	  only	   subsequent	   WM	   paradigm	   reported	   so	   far.	   When	   contrasting	   correct	   with	   incorrect	   trials,	  Hannula	  &	  Ranganath	   (2008)	   did	   not	   find	   any	   supra-­‐threshold	   activation.	   It	   is	   interesting	   to	   note	  that	  previous	  studies	  that	  did	  show	  differential	  maintenance-­‐related	  activation	  typically	  contrasted	  the	  maintenance	  period	  with	   a	   lower	   level	  baseline	   condition	   (often	  a	  phase	  without	   a	  mnemonic	  component)	   or	   manipulated	   the	   memory	   load,	   resulting	   in	   a	   relatively	   greater	   activation	   for	   the	  higher	  load	  conditions.	  In	  other	  words,	  as	  long	  as	  the	  memory	  load	  is	  held	  constant,	  there	  does	  not	  seem	  to	  be	  much	  evidence	  for	  a	  differential	  BOLD	  signal	  during	  the	  maintenance	  phase.	  




stimulus	   to	   a	   current	   sensory	   experience	   (Hannula	  &	  Ranganath,	   2008).	  However,	   one	  may	   argue	  that	   this	   notion	   particularly	   applies	   to	   relatively	   “simple”	   memoranda	   that	   have	   to	   be	   actively	  maintained	  only	  (rather	  than	  transformed	  or	  manipulated,	  that	  is,	  for	  STM	  rather	  than	  WM	  tasks).	  As	  soon	   as	   the	   information	   gets	   more	   complex	   (Jeneson	   &	   Squire,	   2012),	   the	   load	   (Schon,	   Quiroz,	  Hasselmo,	  &	  Stern,	   2009)	  or	   the	  delay	   length	   increases	   (Brozinsky,	  Yonelinas,	  Kroll,	  &	  Ranganath,	  2005;	  Huijbers,	   Pennartz,	  &	  Daselaar,	   2010;	   Talmi,	   Grady,	   Goshen-­‐Gottstein,	  &	  Moscovitch,	   2005),	  and/or	  the	  information	  needs	  to	  be	  transformed	  or	  manipulated,	  more	  complex	  cognitive	  retrieval	  operations	  may	  be	  required	  in	  order	  to	  make	  an	  accurate	  WM	  decision	  and,	  thus,	  reflects	  more	  than	  a	   “passive”	   comparison	   between	   the	   mental	   representation	   and	   a	   sensory	   experience.	   Moreover,	  even	  quite	  “simple”	  WM	  tasks	  such	  as	  the	  digit	  span	  task	  appear	  to	  engage	  a	  wide	  network	  of	  brain	  areas	  during	  the	  recall	  /	  retrieval	  phase.	  In	  addition,	  the	  forward	  and	  backward	  versions	  of	  this	  task	  activate	   largely	   distinct	   brain	   areas	   (Sun	   et	   al.,	   2005).	   Even	   though	   this	   study	   did	   not	   compare	  successful	  vs.	   failed	  retrieval,	   these	  results	   indicate	   that	  WM	  retrieval	  may	  be	  more	  than	  a	  passive	  process	  and	  that	  engagement	  of	  brain	  regions	  may	  be	  dependent	  upon	  the	  task	  characteristics	  and	  demands.	  




The	  cognitive	  neuroscience	  of	  episodic	  memory	  (LTM)	  





Fig.	   4.	   	   The	   hippocampi	   and	   medial	   temporal	   lobes.	   In	   the	   left	   panel,	   left	   and	   right	  hippocampus	   are	   indicated	   in	   pink	   and	   the	   amygdala	   (anterior	   to	   the	   hippocampi)	   is	  coloured	   in	   red.	   The	   right	   panel	   shows	   a	   coronal	   cross-­‐section	   of	   the	   brain	   with	   the	  medial	   temporal	   lobes	   circled	   in	   red	   (Baars	   &	   Gage,	   2007;	   reprinted	   with	   permission	  from	  Elsevier).	  
	  	  	   	  	  	  	  	   	  	  	   	  




The	  difficulty	  of	  mapping	  (dys-­‐)function	  to	  structure	  It	  turned	  out	  to	  be	  difficult	  to	  link	  the	  functional	  impairments	  of	  H.M.	  to	  specific	  anatomical	  regions.	  As	  mentioned	  before,	  the	  surgical	  resection	  included	  large	  parts	  of	  the	  medial	  temporal	  lobe	  (from	  the	   anterior	   tip	   of	   the	   hippocampi	   but	   leaving	   approximately	   half	   of	   the	   posterior	   hippocampi	  intact),	   as	   well	   as	   surrounding	   cortex	   (Corkin,	   Amaral,	   Gonzalez,	   Johnson,	   &	   Hyman,	   1997;	  Gazzaniga,	   Ivry,	  &	  Mangun,	  2009).	  However,	   the	  medial	   temporal	   lobe	  system	  consists	  of	  multiple,	  functionally	  dissociated	  subregions	  (see	  Fig.	  6)	  with	  a	  hierarchical	  structure	  and	  the	  hippocampus	  at	  the	   “top”.	   That	   is,	   information	   from	  unimodal	   and	  polymodal	   association	   areas	   is	   projected	   to	   the	  hippocampus	  via	  perirhinal	  (possibly	  object	  information)	  and/or	  parahippocampal	  cortex	  (scene	  or	  context	   information)	   and	   the	   entorhinal	   cortex.	   Hence,	   information	   is	   merged	   and	   bound	   in	   the	  hippocampus.	   However,	   as	   many	   of	   these	   subregions	   have	   been	   resected	   in	   H.M.,	   anatomically	  specific	   conclusions	   were	   difficult	   to	   draw	   and	   patient	   studies	   were	   required	   with	   anatomically	  more	  restrcited	  lesions,	  such	  as	  more	  selective	  damage	  to	  the	  hippocampus.	  Studies	  with	  this	  kind	  of	  patients	  appear	  to	  suggest	  that	  mainly	  the	  hippocampus	  proper	  may	  be	  important	  for	  the	  formation	  of	  LTM	  whereas	  these	  patients	  seem	  to	  be	   intact	  on	  WM	  tasks	  (Jeneson	  et	  al.,	  2011;	   Jeneson	  et	  al.,	  2010;	  Jeneson	  et	  al.,	  2012;	  Shrager,	  Levy,	  Hopkins,	  &	  Squire,	  2008).	  In	  addition,	   it	  has	  been	  argued	  that	  WM	  impairments	  may	  only	  be	  observed	  when	  the	  lesion	  is	  not	  limited	  to	  the	  hippocampus	  but	  is	  extended	  to	  surrounding	  regions	  (see	  review	  by	  Jeneson	  &	  Squire,	  2012).	  As	  we	  will	  see	  in	  the	  next	  section,	  this	  proposal	  did	  not	  remain	  undisupted.	  
	  




Does	  the	  hippocampus	  only	  support	  episodic	  LTM?	  The	  conclusion	  that	  WM	  is	  intact	  in	  patients	  with	  hippocampal	  lesion	  has	  been	  challenged	  recently	  (see	   reviews	   by	   Jonides	   et	   al.,	   2008;	   Ranganath	   &	   Blumenfeld,	   2005).	   According	   to	   this	   view,	  recruitment	  of	  specific	  brain	  regions	  and	  networks	   is	  not	  so	  much	  a	  function	  of	  the	  delay	  between	  study	   and	   test	   but	   rather	   depends	   on	   the	  processing	  demands	  of	   the	   task	   at	   hand	   (Henke,	   2010).	  That	  is,	  if	  task	  characteristics	  of	  a	  WM	  and	  LTM	  are	  being	  held	  constant	  and	  thus	  the	  same	  cognitive	  functions	  and	  processes	  are	  required	  to	  successfully	  complete	  the	  task	  at	  hand,	  hippocampus	  may	  be	  involved	   in	   both	  WM	   and	   LTM	   tasks.	   More	   specifically,	   due	   to	   its	   anatomical	   characteristics	   and	  extensive	   reciprocal	   connectivity	  with	   polymodal	   neocortical	   association	   areas	   (Suzuki	   &	   Amaral,	  1994),	  the	  hippocampus	  has	  been	  proposed	  to	  play	  a	  crucial	  role	  in	  all	  kinds	  of	  relational	  processing,	  irrespective	  of	   the	   length	  of	  the	  delay	  between	  study	  and	  test	  (Konkel	  &	  Cohen,	  2009).	  Hence,	   this	  view	  would	  hypothesize	  that	  patients	  with	  (restricted)	  hippocampal	  damage	  would	  be	  impaired	  on	  relational	  WM	  tasks	  –	  tasks	  that,	  for	  instance,	  have	  not	  been	  administered	  in	  H.M.	  I	  will	  come	  back	  to	  the	   possible	   relevance	   of	   the	   hippocampus,	   particularly	   in	   Chapters	   2	   and	   4	   as	   well	   as	   in	   the	  discussion	  of	  the	  present	  thesis.	  




the	   encoding	   of	   information,	   the	   involved	   brain	   regions	   may	   be	   broadly	   associated	   with	   three	  different	   functions:	   (1)	   attention	   related	   brain	   regions	   or	   rather	   a	   network	   of	   interacting	   brain	  regions,	  possibily	   including	  frontal	  and	  parietal	  areas	  as	  well	  as	  the	  pre-­‐motor	  cortex;	  (2)	  content-­‐processing	  areas,	  such	  as	  fusiform	  gyrus	  for	  facial	  stimuli	  or	  the	  left	  inferior	  frontal	  cortex	  for	  verbal	  content;	  and	  (3)	  brain	  regions	  more	  related	  to	  binding	  and	  storage,	  with	  the	  hippocampus	  playing	  the	   most	   crucial	   role.	   However,	   this	   division	   does	   not	   represent	   a	   strict	   organization	   and,	   for	  instance,	  all	  regions	  involved	  in	  successful	  LTM	  formation	  during	  encoding	  may	  have	  some	  relevance	  to	  storage.	  Even	   though	   a	   large	   network	   of	   brain	   regions	   has	   been	   implicated	   in	   successful	   LTM	  formation	   and	   retrieval,	   the	   prefrontal	   cortex	   appears	   to	   be	   particularly	   important.	   The	   medial	  prefrontal	  cortex,	  for	  example,	  has	  been	  related	  to	  autobiograhpical	  and	  episodic	  memory	  retrieval	  (Frankland	   &	   Bontempi,	   2005;	   Huijbers	   et	   al.,	   2010;	  Maguire,	   2001)	   and	   it	   seems	   that	  memories	  overt	   time	   become	   increasingly	   dependent	   upon	   the	   medial	   prefrontal	   cortex	   (Takashima	   et	   al.,	  2006),	   taking	   over	   the	   associating	   function	   of	   the	   hippocampus	   (Frankland	   &	   Bontempi,	   2006).	  Moreover,	  the	  ventrolateral	  as	  well	  as	  the	  dorsolateral	  prefrontal	  cortex	  have	  been	  described	  to	  be	  critical	   in	   LTM	   formation.	  The	   ventrolateral	   prefrontal	   cortex	   is	   thought	   	   to	   guide	   the	   selection	  of	  goal-­‐relevant	   detailed	   item	   information	   in	   WM,	   thereby	   promoting	   LTM	   for	   this	   information	  (Blumenfeld	  &	  Ranganath,	  2006).	  In	  addition,	  this	  region	  has	  been	  implicated	  in	  semantic	  processes	  during	  encoding	  that	  facilitate	  storage	  over	  longer	  delay	  periods	  (Badre	  &	  Wagner,	  2007;	  Dobbins	  &	  Wagner,	  2005).	  The	  dorsolateral	  prefrontal	  cortex,	  on	  the	  other	  hand,	  may	  be	  recruited	  to	  guide	  the	  processing	   of	   relational	   information	   in	   WM,	   promoting	   LTM	   for	   this	   kind	   of	   information	  (Blumenfeld,	  Parks,	  Yonelinas,	  &	  Ranganath,	  2011).	  








Outline	  of	  the	  thesis	  In	   the	   following	   five	   chapters	   I	   investigated	   the	   functional	   and	  neural	   relationship,	   commonalities	  and	   differences	   between	   WM	   and	   LTM,	   employing	   both	   functional	   neuroimaging	   as	   well	   as	  hebavioural	  paradigms.	  	   In	   Chapter	   2	   I	   studied	   which	   brain	   regions	   support	   successful	   associative	   WM	   and	  associative	   LTM	   during	   the	   encoding	   phase	   of	   a	   four-­‐pair	   delayed-­‐match-­‐to-­‐sample	  memory	   task.	  While	  this	  WM	  task	  was	  administered	  in	  an	  MRI	  scanner,	  the	  subsequent	  and	  unexpected	  LTM	  task	  was	  assessed	  outside	  the	  scanner.	  	   Chapter	  3	  modified	  and	  extended	  the	  developed	  paradigm	  of	  Chapter	  2,	  enabling	  me	  to	  also	  study	   which	   brain	   regions	   supported	   successful	   associative	   WM	   processing	   and	   successful	  associative	  LTM	  during	  the	  maintenance	  as	  well	  as	  probe	  phase	  of	  the	  WM	  task.	  In	  Chapter	  4	  I	  once	  again	  modified	  the	  combined	  WM	  and	  LTM	  paradigm	  and	  developed	  an	  object-­‐location	  memory	   task	   to	   further	   investigate	   the	   underlying	   neural	   substrates	   of	   successful	  WM	  and	  LTM	  in	  a	  memory	  task	  with	  a	  clear	  (allocentric)	  spatial	  component.	  The	   behavioural	   study	   described	   in	   Chapter	   5	   was	   designed	   to	   evaluate	   the	   possible	  differential	  roles	  of	  the	  early	  and	  late	  stage	  of	  the	  WM	  maintenance	  phase,	  also	  shedding	  some	  light	  on	  the	  time	  course	  of	  the	  formation	  of	  representations	  required	  for	  an	  accurate	  WM	  decision	  and/or	  representations	  supporting	  LTM.	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Squire,	  2012).	   In	  addition,	   the	  strong	  spatial	  nature	  of	   their	   task	  may	  have	  enhanced	  hippocampal	  activation	  (Kessels,	  de	  Haan,	  Kappelle,	  &	  Postma,	  2001).	  To	   control	   for	   these	   alternative	   explanations,	   we	   administered	   a	   non-­‐spatial	   four-­‐pair	  delayed-­‐match-­‐to-­‐sample	  associative	  WM	  task	  in	  an	  event-­‐related	  fMRI	  study	  design.	  Subsequently,	  an	   unexpected	   delayed	   recognition-­‐memory	   task	   (LTM	   task)	  was	   performed	   outside	   the	   scanner.	  Brain	  activity	  during	  encoding	  was	  analyzed	  based	  on	  WM	  and	  LTM	  performance	  and	  subsequent	  memory	   effects.	   That	   is,	   study	  pairs	   correctly	   endorsed	   as	   intact,	   i.e.,	   “hits”,	  were	   contrasted	  with	  study	  pairs	  incorrectly	  identified	  as	  re-­‐arranged	  pairs,	  i.e.,	  “misses”.	  This	  was	  done	  for	  both	  the	  WM	  task	  and	  the	  LTM	  task.	  Critically,	  however,	  combining	  a	  WM	  and	  a	  LTM	  task	  allowed	  us	  to	  “correct”	  for	  the	  performance	  on	  either	  task,	  for	  example	  by	  contrasting	  WM	  hits	  with	  WM	  misses	  exclusively	  for	   pairs	   that	   were	   subsequently	   not	   correctly	   recognized	   in	   the	   LTM	   task.	   In	   other	   words,	   this	  paradigm	  allows	   identifying	  brain	   regions	   that	  predict	  accuracy	  on	   the	  WM	  task	   in	   the	  absence	  of	  successful	  LTM	  formation.	  Furthermore,	  brain	  regions	  required	  for	  a	  memory	  to	  ‘survive’	  into	  LTM	  when	  WM	  processing	  has	  already	  been	  successful	  could	  be	  identified.	  These	  regions	  may	  be	  either	  additional	  brain	  structures	  (i.e.,	  qualitatively	  different)	  or	  the	  same	  regions	  that	  are	  engaged	  more	  extensively	  (Uncapher	  &	  Rugg,	  2005).	  	  Based	  on	  earlier	   literature,	  we	  hypothesized	   that	  encoding-­‐related	  hippocampal	  activation	  predicts	  accuracy	  on	  the	  WM	  task,	  even	  in	  the	  absence	  of	  any	  evidence	  of	  successful	  LTM	  formation.	  Similarly,	   hippocampal	   activation	   is	   expected	   to	  predict	   successful	   LTM	   formation,	   even	  when	   the	  study	  pair	  was	  previously	  correctly	  processed	  in	  WM.	  
2.	  Method	  









during	  the	  WM	  task	  but	  not	  shown	  together,	  i.e.,	  all	  stimuli	  that	  were	  probed	  in	  the	  LTM	  task	  were	  also	  probed	  in	  the	  WM	  task.	  Consequently,	  all	  items	  presented	  in	  the	  LTM	  task	  were	  shown	  twice	  in	  the	  WM	  task	  (i.e.,	  during	  the	  encoding	  and	  probe	  phase).	  Figure	  1	  gives	  a	  schematic	  overview	  of	  the	  WM	  and	  LTM	  task.	  
	  
Fig.	   1.	   (a)	   Schematic	   overview	   of	   one	   trial	   of	   the	   4-­‐pair	   delayed-­‐match-­‐to-­‐sample	   task	  that	  was	  administered	  in	  the	  MRI	  scanner.	  Note:	  The	  slides	  in	  the	  actual	  experiment	  did	  not	   cover	   the	  whole	   screen.	   The	   graphic	   stimuli	  where	   centered	   and	  depicted	  within	   a	  range	  of	   approximately	  30°	  of	   visual	   angle.	   (b)	  An	  example	  of	   a	   trial	   of	   the	   subsequent	  recognition	  memory	  task	  that	  was	  administered	  outside	  the	  scanner.	  




distance	  factor	  =	  10%,	  voxel	  size	  3.3	  ×	  3.3	  ×	  3.0	  mm3,	  32	  axial	  slices).	  The	  first	  five	  volumes	  of	  the	  EPI	  series	   were	   excluded	   from	   the	   analysis	   to	   allow	   the	   magnetization	   to	   approach	   a	   dynamic	  equilibrium.	  Data	  processing	   started	  with	   realignment	   of	   the	   functional	  EPI-­‐BOLD	   images,	   using	   a	  six-­‐parameter,	   rigid-­‐body	   transformation	   algorithm.	   Subsequently,	   functional	   images	   were	   slice-­‐time	  corrected	  and	  the	  mean	  of	  the	  functional	  images	  was	  co-­‐registered	  to	  the	  structural	  MR	  image	  using	   mutual	   information	   optimization.	   Functional	   images	   were	   then	   spatially	   normalized,	   re-­‐sampled	   to	   create	   2	   mm	   isotropic	   voxels,	   and	   transformed	   into	   a	   common	   stereotactic	   space,	   as	  defined	  by	   the	  SPM5	  MNI	  T1	   template.	  Finally,	   the	   images	  were	  spatially	  smoothed	  with	  an	  8-­‐mm	  FWHM	  Gaussian	  filter.	  Low-­‐frequency	  drifts	  in	  the	  time	  domain	  were	  removed	  by	  modeling	  the	  time	  series	  for	  each	  voxel	  by	  a	  set	  of	  discrete	  cosine	  functions	  to	  which	  a	  cutoff	  of	  128	  s	  was	  applied.	  	  
2.4	  fMRI	  data	  analysis	  The	  fMRI	  data	  were	  analyzed	  with	  statistical	  parametric	  mapping	  using	  SPM5	  software	  (Wellcome	  Department	  of	  Cognitive	  Neurology,	  London).	  The	  subject-­‐level	  statistical	  analyses	  were	  performed	  using	  the	  general	  linear	  model	  (GLM).	  As	  the	  aim	  of	  the	  current	  study	  was	  to	  investigate	  which	  brain	  regions	   could	   predict	   success	   on	   the	   WM	   and	   LTM	   task	   during	   encoding,	   analyses	   focused	   on	  matching	  pairs	  only,	  i.e.	  pairs	  actually	  shown	  during	  encoding	  and	  that	  were	  probed	  in	  both	  the	  WM	  




modeled	  as	  regressors	  of	  no	  interest.	  In	  addition,	  even	  though	  both	  the	  delay	  phase	  and	  probe	  phase	  might	   yield	   essential	   WM-­‐related	   activity,	   these	   two	   phases	   were	   modeled	   as	   regressors	   of	   no	  interest.	   This	  was	  mainly	   done	   because	   of	   the	   design	   of	   the	   paradigm,	   i.e.,	   the	   existence	   of	   three	  probes	  within	  one	  probe	  phase,	  refraining	  us	  from	  contrasting	  subsequent	  memory	  effects	  for	  these	  two	   phases.	   In	   addition,	   behavioral	   results	   showed	   that	   we	   had	   insufficient	   statistical	   power	   to	  conduct	   parametric	   analyses	   for	   the	   delay	   phase	   (for	   instance,	   participants	   had,	   on	   average,	   only	  1.52	  trials	  with	  three	  incorrect	  responses).	  
2.5	  Second-­‐level	  analyses	  The	   described	   individual	   contrast	   images	   were	   created	   and	   submitted	   to	   a	   second-­‐level	   factorial	  analysis,	  consisting	  of	  one	  factor	  with	  three	  levels	  (the	  three	  response	  categories).	  Participants	  were	  treated	  as	  random	  variable.	  Results	  from	  the	  random	  effects	  analyses	  were	  first	  thresholded	  at	  p	  =	  0.001	  (uncorrected).	  Subsequently,	  cluster-­‐size	  statistics	  were	  used	  as	  the	  test	  statistic.	  For	  whole-­‐brain	  analyses,	  clusters	  at	  pFWE	  <	  0.05	  (FWE	  corrected	   for	  multiple	  non-­‐independent	  comparisons;	  (Worsley	   et	   al.,	   1996)	   were	   considered	   significant	   and	   are	   reported	   together	   with	   the	   MNI	  coordinates	   of	   their	   local	   maximum.	   In	   addition,	   given	   our	   hypothesis	   regarding	   the	   MTL,	   an	  anatomical	   region	  of	   interest	   (ROI)	  was	   created	   that	   covered	   the	  hippocampus	  bilaterally	   and	   the	  parahippocampal	   bilaterally	   (using	   the	   automatic	   anatomical	   labeling	   system,	   AAL)	   and	   that	   was	  used	  as	  a	  mask	  for	  small-­‐volume	  corrections	  (tested	  at	  pSVC	  <	  0.05).	  	  Finally,	  beta	  weights	  were	  extracted	  from	  left	  and	  right	  parahippocampal	  gyrus	  and	  left	  and	  right	  hippocampus	  separately	  for	  the	  two	  critical	  contrasts,	  i.e.	  the	  WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐	  and	  the	  WM+/LTM+	  >	  WM+/LTM-­‐	  contrast.	  These	  beta	  weights	  were	  entered	  into	  analyses	  of	  variance	  using	  SPSS	  (see	  Results	  section).	  
3.	  Results	  




3.1.2	  LTM	  task	  Figure	   2	   shows	   the	   distribution	   of	   averaged	   response	   proportions	   in	   the	   LTM	   task.	   A	   2	   (stimulus	  type:	  match	  vs.	  re-­‐arranged	  pair)	  by	  6	  (confidence	  rating:	  6-­‐point	  scale)	  repeated-­‐measure	  MANOVA	  revealed	  an	  interaction	  between	  confidence	  rating	  and	  stimulus	  type,	  F(5,	  90)	  =	  21.50,	  p	  <	  .001.	  Post-­‐hoc	  paired-­‐sample	  t-­‐tests	  showed	  that	  the	  proportion	  of	  ‘6’	  (t(18)	  =	  10.13,	  p	  <	  .001)	  and	  ‘5’	  (t(18)	  =	  5.44,	  p	  <	  .001)	  ratings	  was	  significantly	  higher	  for	  matches	  than	  for	  re-­‐arranged	  pairs.	  However,	  the	  proportion	  of	  ‘4’	  ratings	  did	  not	  differ	  between	  these	  two	  (t	  <	  1).	  The	  proportion	  of	  ‘1’	  (t(18)	  =	  6.11,	  
p	   <	   .001),	   ‘2’	   (t(18)	   =	   3.17,	   p	   =	   .005),	   and	   ‘3’	   (t(18)	   =	   2.76,	   p	   =	   .013)	   ratings	   for	   matches	   was	  significantly	  lower	  than	  for	  re-­‐arranged	  pairs.	  These	  results	  demonstrate	  that	  participants	  were	  able	  to	  successfully	  discriminate	  between	  studied	  and	  re-­‐arranged	  pairs	  at	  all	   confidence	   levels,	  except	  level	  4.	  Consequently,	   for	  contrasting	  LTM	  hits	  and	  misses	   in	   the	   fMRI	  analyses,	   ‘5’	  and	   ‘6’	   correct	  ratings	   were	   grouped	   as	   “LTM	   hit”	   and	   ‘1’,	   ‘2’,	   and	   ‘3’	   ratings	   as	   “LTM	   miss”.	   ‘4’	   ratings	   were	  classified	   as	   “remaining	   encoding	   events”	   and	   as	   such	  modeled	   as	   regressors	   of	   no	   interest.	   Each	  participant	  had	  at	  least	  twelve	  LTM	  hits	  (M	  =	  33.21,	  ±	  2.27).	  
	  




3.2	  Functional	  imaging	  data	  3.2.1	  Subsequent	  WM	  effect	  irrespective	  of	  LTM	  performance	  	  First,	   WM	   hits,	   irrespective	   of	   LTM	   performance,	   were	   contrasted	   with	   WM	   misses,	   i.e.,	  	  ([WM+/LTM+	   &	   WM+/LTM-­‐]	   >	   WM-­‐/LTM-­‐).	   This	   analysis	   reflects	   the	   analysis	   conducted	   by	  Hannula	  &	  Ranganath	  (2008).	  Mainly	  two	  brain	  areas,	  being	  part	  of	  the	  right	  visual	  ventral	  stream	  (fusiform	  gyrus	  extending	  into	  parahippocampal	  gyrus;	  local	  maximum	  at	  [48,	  -­‐54,	  -­‐12];	  pFWE	  <	  .001)	  and	   the	   left	   visual	   ventral	   stream	   (parahippocampal	   gyrus	   extending	   into	   fusiform	   gyrus;	   local	  maximum	  at	  [-­‐40,	  -­‐36,	  -­‐12;	  pFWE	  =	  .028),	  showed	  elevated	  activation	  for	  WM	  hits	  vs.	  misses.	  A	  region	  in	   the	   left	   inferior	   frontal	   gyrus	   failed	   to	   reach	   significance	   (local	  maximum	   at	   [-­‐42,	   10,	   -­‐30;	  pFWE	  =	   .074).	   Small-­‐volume	   correction	   for	   the	   hippocampus	   and	   parahippocampal	   gyrus	   did	   not	   reveal	  additional	  activations.	  
	  




Table	   1.	   Brain	   activations	   for	   the	   subsequent	   WM	   memory	   effect	   irrespective	   of	   LTM	   performance,	  subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance	  and	  the	  conjunction	  between	  these	  two	  contrasts.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
WM	  contrast	  irrespective	  of	  LTM	  performance	  
([WM+/LTM+	  &	  WM+/LTM-­‐]	  >	  WM-­‐/LTM-­‐)	  Right	  fusiform	  gyrus	  	   R	  37	   855	   5.07	  a	   4.64	   48	   -­‐54	   -­‐12	  	   	   	   4.44	   4.13	   14	   -­‐42	   -­‐18	  	   	   	   4.18	   3.92	   40	   -­‐62	   -­‐14	  Left	  fusiform	  gyrus	   L	  37	   233	   4.71	  a	   4.36	   -­‐40	   -­‐36	   -­‐12	  	   	   	   4.48	   4.17	   -­‐44	   -­‐54	   -­‐14	  	   	   	   3.64	   3.46	   -­‐42	   -­‐54	   -­‐4	  Left	  middle	  frontal	  gyrus	   L	  46	   199	   4.79	  b	   4.42	   -­‐42	   10	   30	  Right	  inferior	  frontal	  gyrus	   L	  47	   105	   4.24	  b	   3.97	   56	   34	   18	  Right	  middle	  occipital	  gyrus	   R	  19	   153	   3.88	  b	   3.67	   34	   -­‐68	   34	  	   	   	   3.78	  	   3.58	   32	   -­‐74	   28	  
LTM	  contrast	  irrespective	  of	  WM	  performance	  
(WM+/LTM+	  >	  [WM+/LTM-­‐	  &	  WM-­‐/LTM-­‐])	   	   	   	   	   	  Right	  anterior	  hippocampus	   	   57	   4.39	  c	   4.10	   24	   -­‐8	   -­‐20	  Right	  parahippocampal	  gyrus	   R	  35/36	   85	   4.18	  	   3.93	   36	   -­‐22	   -­‐22	  Right	  fusiform	  gyrus	   R	  37	   943	   5.18	  a	   4.73	   50	   -­‐52	   -­‐12	  	   	   	   4.34	  	   4.05	   40	   -­‐44	   -­‐18	  	   	   	   4.19	  	   3.93	   36	   -­‐22	   -­‐22	  Left	  inferior	  frontal	  gyrus	   L	  47	   538	   4.49	  a	   4.18	   -­‐42	   34	   -­‐10	  	   	   	   4.25	  	   3.98	   -­‐42	   34	   2	  Right	  inferior	  frontal	  gyrus	   R	  47	   189	   4.41	  b	   4.12	   56	   34	   12	  	   	   	   4.14	  	   3.89	   -­‐48	   30	   -­‐2	  Left	  pre-­‐motor	  cortex	   L	  6	   193	   4.37	  b	   4.08	   -­‐42	   10	   30	  	   	   	   3.51	  	   3.35	   -­‐42	   4	   42	  




gyrus	  (local	  maximum	  at	  [36	  -­‐22	  -­‐22];	  pSVC	  =	  .025)	  for	  LTM	  hits	  compared	  to	  misses.	  In	  addition,	  we	  found	   increased	   activation	   in	   the	   right	   fusiform	   gyrus	   extending	   into	   the	   parahippocampal	   gyrus	  (local	  maximum	  at	  [50,	  -­‐52,	  -­‐12];	  pFWE	  <	  .001)	  as	  well	  as	  greater	  activation	  in	  the	  left	  inferior	  frontal	  gyrus	  (local	  maximum	  at	  [-­‐42,	  34,	  -­‐10];	  pFWE	  <	  .001).	  Another	  region	  in	  the	  left	  inferior	  frontal	  gyrus	  (local	  maximum	  at	   [-­‐42,	   10,	   30];	  pFWE	   =	   .081)	   as	  well	   as	   the	   right	   ventro-­‐lateral	   prefrontal	   cortex	  (local	  maximum	  at	  [56,	  34,	  12];	  pFWE	  =	  .083)	  failed	  to	  reach	  significance.	  	  3.2.3.	  Conjunction	  analysis	  To	   assess	  which	   brain	   areas	   are	   involved	   in	   both	   successful	  WM	   and	   successful	   LTM	   encoding,	   a	  conjunction	  analysis	  (“conjunction	  null”	  in	  SPM5)	  was	  performed,	  using	  the	  two	  subsequent	  memory	  effect	   contrasts	   just	   described.	   Only	   the	   right	   fusiform	   gyrus	   extending	   into	   the	   parahippocampal	  gyrus	   (local	  maximum	  at	   [48,	   -­‐54,	   -­‐12;	  pFWE	  <	   .001)	  was	  commonly	  activated	   in	   the	   two	  described	  subsequent	   WM	   and	   LTM	   contrasts,	   indicating	   that	   this	   region	   is	   critical	   during	   encoding	   in	  predicting	  both	  WM	  and	  LTM	  success	  (see	  Table	  1	  for	  details).	  3.2.4.	  Subsequent	  WM	  effect	  equating	  for	  LTM	  performance	  To	  control	  for	  possible	  contamination	  effects	  of	  LTM	  encoding	  when	  assessing	  WM	  effects,	  we	  next	  examined	  which	  brain	  regions	  were	  specifically	  recruited	  for	  WM	  hits	  as	  compared	  to	  WM	  misses,	  when	   there	   was	   no	   evidence	   of	   successful	   LTM	   formation,	   i.e.,	   WM+/LTM-­‐	   >	   WM-­‐/LTM-­‐.	   Initial	  whole-­‐brain	  analyses	  showed,	  amongst	  others,	  a	  cluster	  in	  the	  left	  parahippocampal	  gyrus	  that,	  after	  application	   of	   the	   small	   volume	   correction,	   yielded	   a	   trend	   towards	   greater	   activation	   in	   the	   left	  parahippocampal	   gyrus	   (local	   maximum	   at	   [-­‐36,	   -­‐34,	   -­‐10];	   pSVC	   =	   .08)	   for	   WM	   hits	   vs.	   misses.	  However,	   because	   the	   activated	   region	   was	   located	   on	   the	   border	   of	   the	  MTL	   and	   extended	   into	  white	  matter,	  we	  also	  conducted	  an	  analysis	   correcting	   for	   the	  bilateral	   temporal	   lobes	  and	   found	  









Table	  2.	  Brain	  activations	   for	   the	  subsequent	  WM	  effect	  equating	   for	  LTM	  performance	   (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  and	  the	  subsequent	  LTM	  effect	  equating	  for	  LTM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐).	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	   z-­‐value	   MNI	  x	   y	   z	  
WM	  contrast	  equating	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  Left	  parahippocampal	  gyrus	   L	  35/36	   76	   4.61	  a	   4.28	   -­‐40	   -­‐36	   -­‐12	  
LTM	  contrast	  equating	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐)	  Right	  anterior	  hippocampus	   	   58	   4.33	  a	   4.04	   26	   -­‐10	   -­‐20	  Left	  inferior	  frontal	  gyrus	   L	  47	   348	   4.41	  b	   4.11	   -­‐44	   34	   2	  	   	   	   4.26	  	   3.99	   -­‐50	   30	   -­‐2	  	   	   	   3.97	   3.74	   -­‐40	   34	   -­‐12	  a	  pSVC	  <	  .05	  a	  pFWE	  <	  .05	  	  3.2.6	  Beta	  weights	  analyses	  Finally,	  analyses	  on	  the	  extracted	  beta	  weights	  were	  conducted.	  A	  2	  (Task:	  WM	  vs.	  LTM)	  ×	  2	  (Region:	  Hippocampus	  vs.	  Parahippocampal	  Gyrus)	  Repeated	  Measures	  ANOVA	  on	  the	  extracted	  beta	  weights	  did	  neither	  reveal	  a	  main	  effect	  of	  Task	  (F	  <	  1)	  nor	  a	  main	  effect	  of	  Region	  (F(1,22)	  =	  1.81,	  p	  =	  .19,	  ηp²	  	  =	   	   .08	  ).	  However,	  the	  Task	  ×	  Region	  interaction	  effect	  was	  marginally	  significant,	  F(1,22)	  =	  3.79,	  p	  =	   .06,	  ηp²	   	  =	   	   .15.	  In	  line	  with	  our	  conventional	  SPM	  analyses,	  post-­‐hoc	  t-­‐tests	  showed	  that	  the	  beta	  weights	  differed	  significantly	  from	  zero	  in	  the	  hippocampus	  for	  the	  LTM	  task	  (t(22)	  =	  2.46,	  p	  =	  .02)	  and	   in	   the	   parahippocampal	   gyrus	   for	   the	  WM	   task	   (t(22)	   =	   2.24,	   p	   =	   .04).	   In	   contrast,	   the	   beta	  weights	  did	  not	  differ	  significantly	   from	  zero	   in	   the	  hippocampus	   for	   the	  WM	  task	  (t	  <	  1)	  and	   just	  failed	  to	  reach	  significance	  in	  the	  parahippocampal	  gyrus	  for	  the	  LTM	  task	  (t(22)	  =	  2.07,	  p	  =	  .051).	  




hippocampus	   and	   the	   left	   inferior	   frontal	   gyrus	   reliably	   predicted	   accuracy	   on	   the	   unexpected	  subsequent	  recognition	  memory	  (LTM)	  task	  for	  pairs	  already	  correctly	  processed	  in	  WM.	  




selected	  a	  non-­‐spatial	  associative	  WM	  task	  as	  it	  is	  well	  established	  that	  spatial	  allocentric	  processing	  recruits	   the	   hippocampus	   (Hartley,	  Maguire,	   Spiers,	   &	   Burgess,	   2003;	   Kumaran	  &	  Maguire,	   2005;	  Maguire	  et	  al.,	  1998)	  and,	  therefore,	  the	  results	  of	  Hannula	  and	  Ranganath	  (2008)	  may	  in	  part	  be	  due	  to	   the	   intrinsic	   spatial	   component	   of	   their	   task	   rather	   than	   actual	   relational	   (working)	   memory	  processing	  (Shrager	  et	  al.,	  2008).	  Even	  though	  this	  may	  argue	  against	  the	  idea	  that	  the	  hippocampus	  is	   crucial	   for	   all	   kinds	   of	   relational	  memory	   processing	   irrespective	   of	   the	   time	   interval	   between	  study	   and	   test,	   earlier	   studies	   that	   particularly	   contrasted	   spatial	   with	   non-­‐spatial	   relational	  WM	  tasks	   also	   found	   increased	   hippocampal	   activation	   for	   associations	   containing	   spatial	   information	  (Piekema,	  Kessels,	  Mars,	  Petersson,	  &	  Fernández,	  2006).	  We	  therefore	  suggest	  that	  advanced	  visuo-­‐perceptual	   processing	   might	   be	   sufficient	   to	   make	   an	   accurate	   WM	   decision	   in	   a	   non-­‐spatial	  relational	  memory	  task,	  whereas	  a	  successful	  matching	  /	  binding	  of	  these	  stimuli	  during	  encoding	  is	  required	  for	  successful	  LTM	  formation.	  








during	  the	  probe	  phase	  of	   the	  WM	  task	  and	  the	  fact	  that	  this	  only	  adds	  (limited)	  noise	  to	  our	  data	  suggests	  that	  these	  double	  encodings	  can	  hardly	  account	  for	  the	  obtained	  results.	  It	  is	  also	  important	  to	  note	  that	  the	  method	  of	  testing	  for	  WM	  and	  LTM	  differed	  between	  the	  two	   tasks.	   In	   addition,	   there	  was	  a	  difference	  on	  how	   “success”	  was	  defined	   for	   the	  WM	  and	  LTM	  task.	   Whereas	   the	   WM	   task	   was	   a	   yes/no	   recognition	   memory	   task	   with	   a	   clear	   response	   time	  constraint	  (2s),	  participants	  could	  respond	  on	  a	  confidence	  scale	  on	  the	  LTM	  task	  without	  any	  time	  constraint.	  However,	  we	  deliberately	  chose	   for	  the	   implemented	  approach	  because	  we	   intended	  to	  operationalize	   both	  WM	   and	   LTM	   tasks	   as	   they	   are	  most	   often	   and	   “classically”	   used	   in	   cognitive	  psychology	  approaches.	  This	  is,	  from	  a	  conceptual	  point	  of	  view,	  content	  in	  WM	  is	  often	  regarded	  as	  being	   either	   activated	  or	  non-­‐activated	   information,	   necessitating	   a	   speeded	   yes-­‐no	   response	   (see	  e.g.,	   Cowan,	   1995;	   Oberauer,	   2002).	   Non-­‐activated	   information	   may,	   however,	   be	   retrieved	   by	  accessible	  retrieval	  cues	  –	  a	  phenomenon	  more	  often	  associated	  with	  LTM	  retrieval.	  Consequently,	  if	  participants	  were	  given	  more	  time	  to	  respond,	  it	  would	  have	  been	  more	  likely	  that	  they	  used	  long-­‐term	  retrieval	  strategies,	  which	  we	  aimed	  to	  minimize.	  Hence,	  even	  though	  the	  possibility	  exists	  that	  participants	  might	  have	  applied	  different	  response	  criteria	  for	  the	  two	  tasks,	  this	  does,	  in	  our	  view,	  not	  outweigh	  the	  advantage	  of	  using	  similar	  stimuli	  and	  (almost)	  similar	  task	  demands	  for	  both	  WM	  and	  LTM	  tasks	  –	  an	  aspect	  that	  could	  not	  be	  controlled	  for	  in	  previous	  studies	  (e.g.,	  Cabeza,	  Dolcos,	  Graham,	  &	  Nyberg,	  2002;	  Nyberg,	  Forkstam,	  Petersson,	  Cabeza,	  &	  Ingvar,	  2002).	  








Rugg,	   2005).	   Consequently,	   these	   kinds	   of	   representations	   are	   more	   likely	   to	   be	   retrieved	   in	   a	  subsequent	  memory	  test.	  	  These	  three	  processes	  fit	  nicely	  in	  a	  framework	  that	  was	  recently	  proposed	  by	  Kim	  (2011)	  who	  reviewed	  74	  fMRI	  studies	  that	  administered	  subsequent	  memory	  paradigms.	  In	  this	  framework,	  brain	   regions	   that	   are	   typically	   found	   to	   predict	   LTM	   success	   are	   divided	   into	   three	   different	  categories:	   attention-­‐related	   brain	   areas	   (a	   fronto-­‐parietal	   network),	   content-­‐processing	   areas	  (depending	   upon	   the	   type	   of	   stimuli),	   and	   areas	   critical	   for	   storage,	   especially	   the	   hippocampus.	  Whereas	   we	   did	   not	   find	   activation	   in	   typical	   attention-­‐related	   areas,	   our	   study	   suggests	   that	  successful	  WM	   formation	   during	   encoding	   relies	   upon	   brain	   areas	   supporting	   content	   processing	  and	  unitization	  of	  representations.	  Successful	  LTM	  formation,	  in	  contrast,	  appears	  to	  be	  mediated	  by	  storage-­‐critical	   areas,	   i.e.	   the	   hippocampus	   proper.	   In	   addition,	   the	   left	   inferior	   prefrontal	   cortex	  seems	   to	   play	   a	   critical	   role	   in	   the	   transformation	   of	   sensory	   input	   into	   (semantic)	   internal	  representations	  (Paller	  &	  Wagner,	  2002),	  supporting	  durable	  memory	  representations.	  























Dissociating	  associative	  working	  memory	  and	  long-­‐term	  memory	  formation	  	  








Abstract	  It	  has	  been	  argued	  that	  performance	  on	  working	  memory	  (WM)	  tasks	  may	  partially	  be	  supported	  by	  long-­‐term	  memory	  (LTM)	  processing	  and,	  hence,	  brain	  activation	  recently	  being	   implicated	   in	  WM	  may	   actually	   have	   been	   driven	   by	   (incidental)	   LTM	   formation.	   To	   examine	   which	   brain	   regions	  actually	  support	  successful	  WM	  processing	  (rather	  than	  being	  confounded	  by	  LTM	  processes)	  during	  the	  maintenance	   and	   probe	   phase	   of	   a	  WM	   task,	  we	   administered	   a	   four-­‐pair	   (faces	   and	   houses)	  associative	   delayed-­‐match-­‐to-­‐sample	   (WM)	   task	   in	   an	   event-­‐related	   fMRI	   study	   design	   and	   a	  subsequent	   associative	   recognition	   LTM	   task,	   using	   the	   same	   stimuli.	   This	   enabled	   us	   to	   analyze	  subsequent	  memory	  effects	  for	  both	  the	  WM	  and	  the	  LTM	  task	  by	  contrasting	  correctly	  recognized	  pairs	  with	   incorrect	  pairs	   for	   either	   task.	   Critically,	  with	   respect	   to	   the	   subsequent	  WM	  effect,	  we	  computed	   this	   analysis	   exclusively	   for	   trials	   that	   were	   forgotten	   in	   the	   subsequent	   recognition	  memory	  (LTM)	  task.	  Hence,	  brain	  activity	  associated	  with	  successful	  WM	  processing	  was	  less	  likely	  to	  be	  confounded	  by	  incidental	  LTM	  formation.	  The	  subsequent	  LTM	  effect,	  in	  contrast,	  was	  analyzed	  exclusively	  for	  pairs	  that	  previously	  had	  been	  correctly	  recognized	  in	  the	  WM	  task,	  disclosing	  brain	  regions	   involved	   in	   successful	   LTM	   formation	   after	   successful	   WM	   processing.	   Results	   for	   the	  subsequent	  WM	  effect	  showed	  no	  significantly	  activated	  brain	  areas	  for	  WM	  maintenance,	  possibly	  due	   to	   an	   insensitivity	   of	   fMRI	   to	  mechanisms	   underlying	   active	  WM	  maintenance.	   In	   contrast,	   a	  correct	   decision	   at	   WM	   probe	   was	   associated	   with	   activation	   in	   the	   “retrieval	   success	   network”	  (anterior	   and	   posterior	  midline	   brain	   structures).	   The	   subsequent	   LTM	   analyses	   revealed	   greater	  activation	  in	  left	  dorsolateral	  prefrontal	  cortex	  and	  posterior	  parietal	  cortex	  during	  the	  initial	  stage	  of	   the	  maintenance	  phase.	  No	  supra-­‐threshold	  activation	  related	  was	   found	  during	   the	  WM	  probe.	  Together,	   we	   obtained	   clearer	   insights	   in	   which	   brain	   regions	   support	   successful	   WM	   and	   LTM	  without	   the	   potential	   confound	   of	   the	   respective	  memory	   system.	   Future	   studies	   need	   to	   specify	  more	  precisely	  whether	  the	  administered	  task	  relies	  on	  WM	  or	  LTM.	  

















2.1	  Participants	  	  Thirty	   right-­‐handed	   healthy	   undergraduate	   students	   (12	  males;	  mean	   age	   =	   21.83	   years,	   ranging	  from	   18	   to	   27	   years)	   participated	   in	   the	   study.	   However,	   two	   participants	   (both	   female)	   were	  excluded	  from	  further	  analyses	  due	  to	  technical	  failure.	  Another	  two	  females	  were	  excluded	  because	  they	   did	   not	   have	   sufficient	   incorrect	   responses	   on	   the	  WM	   task	   (i.e.,	   less	   than	   10),	   so	   that	   this	  response	  category	  could	  not	  be	  modeled	  reliably.	  The	  remaining	  26	  participants	  (mean	  age	  =	  21.92	  years)	   all	   had	   normal	   or	   corrected-­‐to-­‐normal	   vision.	   None	   had	   a	   history	   of	   neurological,	   major	  medical,	  or	  psychiatric	  disorders.	  Participants	  gave	  written	  informed	  consent	  according	  to	  the	  local	  ethics	  committee	  (CMO	  Region	  Arnhem-­‐Nijmegen)	  and	  the	  declaration	  of	  Helsinki.	  









all	  items	  presented	  in	  the	  LTM	  task	  were	  shown	  twice	  in	  the	  WM	  task	  (i.e.,	  during	  the	  encoding	  and	  probe	  phase).	  Fig.	  1	  gives	  a	  schematic	  overview	  of	  the	  WM	  and	  LTM	  task.	  
2.3	  Image	  acquisition	  and	  data	  preprocessing	  	  Images	  were	  collected	  with	  a	  1.5T	  Avanto	  MRI	  scanner	  system	  (Siemens	  Medical	  Systems,	  Erlangen,	  Germany)	   using	   a	   32-­‐channel	   radiofrequency	   head	   coil.	   First,	   high-­‐resolution	   anatomical	   images	  were	  acquired	  using	  a	  T1-­‐weighted	  3D	  MPRAGE	  sequence	  (TR	  =	  2250ms,	  TE	  =	  2.95ms,	  flip	  angle	  =	  15º,	  176	  sagittal	  slices,	  acquisition	  matrix	  =	  256	  ×	  256,	  FOV	  =	  256	  mm,	  voxel	  size	  =	  1	  ×	  1×	  1	  mm3).	  Whole-­‐brain	   functional	   images	  were	   collected	   using	   a	   T2*-­‐weighted	   EPI	   sequence	   (TR	   =	   2280ms,	  TE	  =	  40ms,	   image	   matrix	   =	   64	   ×	   64,	   FOV	   =	   212	   mm,	   flip	   angle	   =	   90º,	   slice	   thickness	   =	   3.0	   mm,	  distance	  factor	  =	  10%,	  voxel	  size	  3.3	  ×	  3.3	  ×	  3.0	  mm3,	  32	  axial	  slices).	  The	  first	  five	  volumes	  of	  the	  EPI	  series	   were	   excluded	   from	   the	   analysis	   to	   allow	   the	   magnetization	   to	   approach	   a	   dynamic	  equilibrium.	  Data	  processing	   started	  with	   realignment	   of	   the	   functional	  EPI-­‐BOLD	   images,	   using	   a	  six-­‐parameter,	   rigid-­‐body	   transformation	   algorithm.	   Subsequently,	   the	   mean	   of	   the	   functional	  images	   was	   co-­‐registered	   to	   the	   structural	   MR	   image	   using	   mutual	   information	   optimization.	  Functional	  images	  were	  then	  spatially	  normalized,	  re-­‐sampled	  to	  create	  3	  mm	  isotropic	  voxels,	  and	  transformed	  into	  a	  common	  stereotactic	  space,	  as	  defined	  by	  the	  SPM5	  MNI	  T1	  template.	  Finally,	  the	  images	  were	  spatially	   smoothed	  with	  an	  8-­‐mm	  FWHM	  Gaussian	   filter.	  Low-­‐frequency	  drifts	   in	   the	  time	  domain	  were	   removed	  by	  modeling	   the	   time	  series	   for	  each	  voxel	  by	  a	   set	  of	  discrete	   cosine	  functions	  to	  which	  a	  cutoff	  of	  128	  s	  was	  applied.	  	  




(hereafter	   referred	   to	   as	   “misses”)	   on	   both	   the	  WM	  and	   LTM	   task,	   four	   response	   categories	  were	  possible:	  (1)	  WM	  hit/LTM	  hit	  (in	  the	  remainder:	  WM+/LTM+),	  (2)	  WM	  hit/LTM	  miss	  (WM+/LTM-­‐),	  (3)	   WM	   miss/LTM	   hit	   (WM-­‐/LTM+),	   and	   (4)	   WM	   miss/LTM	   miss	   (WM-­‐/LTM-­‐).	   However,	   the	  combination	   WM-­‐/LTM+	   occurred	   in	   only	   3.2%	   of	   the	   cases,	   resulting	   in	   inadequate	   statistical	  power	   to	   be	   reliably	   estimated	   and	   therefore	   this	   combination	  was	   entered	   as	   a	   regressor	   of	   no-­‐interest.	   The	   remaining	   three	   categories	   were	   entered	   as	   separate	   regressors	   of	   interest,	   as	   a	  function	  of	  the	  WM	  phase.	  	  The	   identical	  vector	  definition	  (i.e.,	  onset,	  duration	  and	  expected	  neural	  activity	  associated	  with	   each	   component)	   as	   implemented	   by	   Ranganath	   et	   al.	   (2005)	   was	   used	   (see	   Fig.	   2):	   The	  construction	   of	   the	   covariates	   for	   early	   and	   late	   stage	   of	   WM	   maintenance	   was	   based	   on	   the	  assumption	  that	  processing	  associated	  with	  the	  early	  stage	  would	  occur	  during	  the	  first	  few	  seconds	  of	  the	  maintenance	  phase.	  Processing	  associated	  with	  the	  late	  stage	  of	  WM	  maintenance,	  in	  contrast,	  was	  suggested	  to	  persist	  throughout	  the	  remainder	  of	  the	  WM	  maintenance	  phase.	  To	  minimize	  the	  possibility	  that	  activity	  associated	  with	  other	  WM	  stages,	  onset	  and	  offset	  of	  the	  early	  and	  late	  stage	  of	  the	  delay	  phase	  were	  spaced	  apart	  from	  each	  other	  as	  well	  as	  from	  the	  probe	  phase.	  The	   events	   of	   the	   three	   response	   categories	   were	   modeled	   by	   time-­‐locking	   the	   onset	   of	  either	   the	  early	  delay,	   late	  delay	  or	  probe	  phase	  with	   its	   respective	  duration	  (i.e.,	  1	  s	   for	   the	  early	  delay,	  variable	  duration	  for	  the	   late	  delay	  and	  2	  s	   for	  the	  probe)	  and	  convolved	  with	  the	  canonical	  hemodynamic	  response	   function.	  The	  remaining	  encoding	  events	  (e.g.,	  pairs	   that	  were	  not	  probed,	  pairs	  for	  which	  participants	  failed	  to	  respond	  in	  the	  probe	  phase)	  were	  modeled	  as	  regressors	  of	  no	  interest.	  	  









multiple	  non-­‐independent	   comparisons;	  Worsley	   et	   al.,	   1996)	  were	   considered	   significant	   and	  are	  reported	  together	  with	  the	  MNI	  coordinates	  of	  their	  local	  maximum.	  In	  addition,	  given	  the	  disputed	  role	   of	   the	   medial	   temporal	   lobe,	   an	   anatomical	   region	   of	   interest	   (ROI)	   was	   created	   which	  bilaterally	   covered	   the	  hippocampus	  or	   the	  parahippocampal	   region,	   respectively.	  Considering	   the	  fact	  that	  prefrontal	  as	  well	  as	  parietal	  areas	  are	  traditionally	  associated	  with	  WM	  maintenance	  and	  that	   these	   two	  regions	  have	  been	   implicated	   in	   the	  WM	  “core	  network”	  (Rottschy	  et	  al.,	  2012),	  we	  defined	   two	  more	  ROIs	  which	   either	   bilaterally	   covered	   the	   frontal	   lobes	   or	   bilateral	   inferior	   and	  superior	   parietal	   lobes	   (using	   the	  WFU	   Pick	   Atlas).	   These	  were	   used	   as	   a	  mask	   for	   small-­‐volume	  corrections	  (tested	  at	  pSVC	  <	  0.05).	  
3.	  Results	  





Fig.	   3.	   Behavioural	   performance	   on	   the	   subsequent	   recognition	   memory	   (LTM)	   task.	  Distributions	  of	  mean	  hit	  and	   false	  alarm	  rates:	  Mean	  (±SEM)	  proportions	  of	   responses	  are	  depicted	  on	   the	  y-­‐axis	   and	   confidence	   ratings	   (‘1’:	   definitely	   a	   re-­‐arranged	  pair;	   ‘6’:	  definitely	  a	  matching	  pair)	  on	  the	  x-­‐axis.	  ***	  p	  <	  .001,	  **	  p	  <	  .01,	  *	  p	  <	  .05.	  




activation	   after	   small	   volume	   correction	   for	   either	   hippocampus	   or	   parahippocampal	   region.	   In	  addition,	   a	   similar	   analysis	   for	   the	   late	   delay	   stage	   did	   not	   reveal	   brain	   regions	   exhibiting	  suprathreshold	  activation.	  
Table	  1.	  Early	  (1)	  and	  late	  (2)	  maintenance-­‐related	  activations	  for	  the	  subsequent	  WM	  effect	  irrespective	  of	  LTM	  performance	  and	  (3)	  early	  and	  (4)	  late	  maintenance-­‐related	  subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  WM	  irrespective	  of	  LTM	  performance	  (WM+	  >	  WM-­‐):	  Early	  delay	  	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  
(2)	  LTM	  irrespective	  of	  WM	  performance	  (LTM+	  >	  LTM-­‐):	  Early	  delay	  Left	  dorsolateral	  prefrontal	  cortex	   L	  46	   51	   4.44	  a	   4.34	   -­‐30	   45	   33	  
(3)	  WM	  irrespective	  of	  LTM	  performance	  (WM+	  >	  WM-­‐):	  Late	  delay	  	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  
(4)	  LTM	  irrespective	  of	  WM	  performance	  (LTM+	  >	  LTM-­‐):	  Late	  delay	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  a	  pFWE	  =	  .059	  	  3.2.1.3.	  Probe	  phase	  3.2.1.3.1	  Subsequent	  WM	  effect	  irrespective	  of	  LTM	  performance	  Similar	  analyses	  were	  performed	  for	  the	  WM	  probe	  phase	  (see	  bottom	  left	  panel	  of	  Fig.	  3).	  As	  for	  the	  WM	  contrast,	   this	   revealed	  greater	  activation	   for	  WM	  hits	  vs.	  WM	  misses	   in	   the	  medial	  prefrontal	  cortex	  (local	  maximum	  at	  [-­‐6,	  42,	  -­‐9];	  pFWE	  <	  .001),	  the	  posterior	  cingulate	  cortex	  extending	  into	  the	  precuneus	  (local	  maximum	  at	  [-­‐3,	  -­‐54,	  33];	  pFWE	  <	  .001),	  the	  precentral	  gyrus	  /	  M1	  (local	  maximum	  at	   [48,	   -­‐18,	   60];	  pFWE	  =	   .015)	   and	   two	   regions	   in	   the	   left	  middle	   temporal	   gyrus:	   an	   anterior	   part	  (local	  maximum	  at	  [-­‐60,	  -­‐21,	  -­‐18];	  pFWE	  =	  .013)	  and	  a	  posterior	  part	  (local	  maximum	  at	  [-­‐60,	  -­‐57,	  -­‐3];	  





Fig.	   4.	   Top	   panels:	   Brain	   areas	   related	   to	   successful	  WM	   processing	   during	   either	   the	  early	  WM	  maintenance	  (top	  left	  panel)	  or	  WM	  probe	  phase	  (top	  right	  panel),	  irrespective	  of	  LTM	  performance	  (WM+	  >	  WM-­‐).	  A	  correct	  decision	  during	  the	  WM	  probe	  phase	  was	  associated	   with	   greater	   activation	   in	   a	   “core	  memory	   retrieval	   network”	   including	   the	  medial	  prefrontal	  cortex,	  posterior	  cingulate	  cortex	  and	  precuneus.	  
Bottom	  panels:	  Brain	  areas	   related	   to	   successful	  LTM	   formation	  during	  either	   the	  early	  WM	   maintenance	   (left	   panel)	   or	   WM	   probe	   phase	   (right	   panel),	   irrespective	   of	   WM	  performance	   (LTM+	   >	   LTM-­‐).	   Activation	   in	   the	   left	   dorsolateral	   prefrontal	   cortex	  predicted	   LTM	   success	   during	   the	   early	   delay.	   A	   highly	   overlapping	   activation	   pattern	  (compared	  to	  the	  WM	  task)	  was	  found	  for	  the	  probe	  phase.	  




Table	  2.	  Probe-­‐related	  activations	  for	  (1)	  the	  subsequent	  WM	  effect	  irrespective	  of	  LTM	  performance	  and	  (2)	  the	  subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  WM	  irrespective	  of	  LTM	  performance	  ([WM+/LTM+	  &	  WM+/LTM-­‐]	  >	  WM-­‐/LTM-­‐)	  Medial	  Prefrontal	  Cortex	   10/11	   638	   5.64	  a	   5.45	   -­‐6	   42	   -­‐9	  	   	   	   5.41	   5.23	   -­‐3	   54	   -­‐3	  	   	   	   5.33	   5.16	   -­‐6	   63	   9	  Posterior	  cingulate	  cortex	  /	   23	   210	   4.45	  a	   4.36	   -­‐3	   -­‐54	   33	  precuneus	   	   	   4.24	   4.15	   -­‐9	   -­‐36	   30	  	   	   	   3.88	   3.81	   -­‐9	   -­‐27	   42	  Right	  Pre-­‐/postcentral	  gyrus	   R	  3	   73	   4.23	  a	   4.14	   48	   -­‐18	   60	  	   	   	   3.71	   3.65	   42	   -­‐24	   66	  Left	  middle	  temporal	  gyrus	   L	  20	   76	   4.89	  a	   4.76	   -­‐60	   -­‐21	   -­‐18	  	   	   	   4.37	   4.28	   -­‐51	   -­‐15	   -­‐18	  Left	  middle	  temporal	  gyrus	   L	  37	   58	   4.21	  a	   4.13	   -­‐60	   -­‐57	   -­‐3	  	   	   	   3.53	   3.48	   -­‐51	   -­‐75	   3	  	   	   	   3.52	   3.47	   -­‐57	   -­‐51	   -­‐9	  
(2)	  LTM	  irrespective	  of	  WM	  performance	  (WM+/LTM+	  >	  [WM+/LTM-­‐	  &	  WM-­‐/LTM-­‐])	  Left	  hippocampus	   	   2	   3.54	  b	   3.49	   -­‐27	   -­‐24	   -­‐15	  Left	  parahippocampal	  region	   L	  28	   3	   4.00	  b	   3.93	   -­‐21	   -­‐3	   -­‐27	  Medial	  Prefrontal	  Cortex	   10/11	   396	   5.48	  a	   5.31	   -­‐15	   60	   24	  	   	   	   5.36	   5.19	   -­‐9	   60	   15	  	   	   	   5.35	   5.19	   0	   48	   -­‐18	  Posterior	  cingulate	  cortex	  /	   23	   147	   4.40	  a	   4.31	   -­‐9	   -­‐45	   30	  precuneus	   	   	   4.37	   4.28	   15	   -­‐51	   36	  	   	   	   4.18	   4.10	   3	   -­‐48	   39	  Left	  middle	  temporal	  gyrus	   L	  21	   210	   4.92	  a	   4.79	   -­‐60	   -­‐21	   -­‐15	  	   	   	   4.43	  	   4.33	   -­‐60	   -­‐42	   -­‐6	  	   	   	   4.10	  	   4.02	   -­‐45	   -­‐21	   -­‐9	  a	  pFWE	  <	  .05	  b	  pSVC	  <	  .05	  	  3.2.1.3.2	  Subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance	  A	  similar	  analysis	   for	   the	  LTM	  contrast	  during	   the	  WM	  probe	  (see	  bottom	  right	  panel	  of	  Fig.	  4	   for	  details)	  phase	  revealed	  greater	  activation	  in	  the	  left	  hippocampus	  (local	  maximum	  at	  [-­‐27,	  -­‐24,-­‐	  15];	  




in	  the	  medial	  prefrontal	  cortex	  (local	  maximum	  at	  [-­‐15,	  60,24],	  pFWE	  <	  .001)	  and	  posterior	  cingulate	  cortex	   extending	   into	   the	   precuneus	   (local	   maximum	   at	   [-­‐9,	   -­‐45,	   30];	   pFWE	   <	   .001).	   In	   addition,	  greater	   activation	  was	   found	   in	   the	   left	  middle	   temporal	   gyrus	   (local	  maximum	  at	   [-­‐60,	   -­‐21,	   -­‐15];	  
pFWE	  <	  .001).	  3.2.2	  Subsequent	  memory	  effects	  equating	  for	  either	  WM	  or	  LTM	  performance	  3.2.2.1.	  Early	  and	  late	  delay	  phase	  3.2.2.1.1	  Subsequent	  WM	  effect	  equating	  for	  LTM	  performance	  To	  control	  for	  possible	  contamination	  effects	  of	  LTM	  when	  assessing	  WM	  effects,	  we	  next	  examined	  which	  brain	  regions	  were	  specifically	  recruited	  for	  WM	  hits	  as	  compared	  to	  WM	  misses,	  when	  there	  was	  no	  evidence	  of	  successful	  LTM	  formation,	  i.e.,	  WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐.	  However,	  neither	  stage	  of	  the	  WM	  maintenance	  phase	  revealed	  differential	  activation	  (see	  top	  left	  panel	  of	  Fig.	  5).	  	  
Table	  3.	   Activations	   for	   the	   subsequent	  WM	  effect	   equating	   for	  LTM	  performance	   (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  during	  early	  (1)	  or	  (2)	   late	  stage	  of	   the	  WM	  maintenance	  phase	  and	  the	  subsequent	  LTM	  effect	  equating	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐)	  for	  (3)	  early	  and	  (4)	  late	  delay.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  WM	  equating	  for	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐):	  Early	  delay	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  
(2)	  WM	  equating	  for	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐):	  Late	  delay	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	  
(3)	  LTM	  equating	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐):	  Early	  delay	  Left	  dorsolateral	  prefrontal	  cortex	   L	  46	   105	   4.92	  a	   4.79	   -­‐30	   45	   30	  	   	   	   3.72	   3.66	   -­‐21	   39	   36	  	   	   	   3.66	   3.61	   -­‐36	   27	   33	  Left	  posterior	  parietal	  cortex	   L	  40	   27	   4.38	  b	   4.28	   -­‐57	   -­‐42	   51	  
(4)	  LTM	  equating	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐):	  Late	  delay	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	  a	  pFWE	  <	  .05	  b	  pSVC	  <	  .05	  




correctly	  recognized	  in	  WM	  and	  remembered	  in	  the	  LTM	  task	  were	  contrasted	  with	  pairs	  correctly	  recognized	   in	   WM	   but	   missed	   in	   the	   LTM	   task	   (i.e.,	   WM+/LTM+	   >	   WM+/LTM-­‐).	   For	   the	   early	  maintenance	  phase,	  this	  analysis	  revealed	  greater	  activation	  in	  the	  left	  dorsolateral	  prefrontal	  cortex	  (local	  maximum	  at	  [-­‐30,	  45,	  30];	  pFWE	  =	  .003)	  and	  left	  posterior	  parietal	  cortex	  /	  intraparietal	  sulcus	  (local	  maximum	  at	  [-­‐54,	  -­‐42,	  55];	  pSVC	  =	  .022).	  As	  for	  the	  late	  stage	  of	  the	  WM	  maintenance	  phase,	  no	  brain	  regions	  exhibited	  differential	  activation	  for	  LTM	  hits	  vs.	  misses.	  	  
	  
Fig.	  5.	  Top	  panels:	  Brain	  areas	  related	  to	  successful	  WM	  processing	  during	  the	  early	  WM	  maintenance	  phase	  (top	  left	  panel)	  or	  the	  WM	  probe	  phase	  (top	  right),	  equated	  for	  LTM	  performance	   (WM+/LTM-­‐	   >	   WM-­‐/LTM-­‐).	   A	   correct	   WM	   decision	   was	   associated	   with	  greater	   activation	   in	   the	   medial	   prefrontal	   cortex	   and	   precuneus	   (the	   latter	   did	   not	  survive	  a	  multiple	  comparison	  correction,	  though).	  
Bottom	   panels:	   Brain	   areas	   related	   to	   successful	   LTM	   formation	   during	   the	   early	  WM	  maintenance	  phase	  (bottom	   left	  panel)	  or	   the	  WM	  probe	  phase	  (bottom	  right),	  equated	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐).	  Successful	  LTM	  formation	  during	  the	  early	   WM	   delay	   phase	   was	   associated	   with	   greater	   activation	   in	   the	   left	   dorsolateral	  prefrontal	   cortex,	   left	   posterior	   parietal	   cortex	   /	   intraparietal	   sulcus	   and	   left	   temporal	  pole	  (the	  latter	  did	  not	  survive	  a	  multiple	  comparison	  correction).	  




3.2.2.3.	  Probe	  phase	  3.2.2.3.1	  Subsequent	  WM	  effect	  equating	  for	  LTM	  performance	  A	   correct	   WM	   decision	   during	   probe	   was	   associated	   with	   increased	   activation	   in	   the	   medial	  prefrontal	  cortex	  (local	  maximum	  at	  [-­‐6,	  39,	  -­‐6];	  pFWE	  <	  .001).	  Small-­‐volume	  corrections	  for	  the	  MTL	  or	  parietal	  areas	  did	  not	  reveal	  additional	  significant	  voxels	  (see	  top	  right	  panel	  of	  Fig.	  5).	  	  
Table	   4.	   Probe-­‐related	   activations	   for	   (1)	   the	   subsequent	   WM	   effect	   equating	   for	   LTM	   performance	  (WM+/LTM-­‐	   >	   WM-­‐/LTM-­‐)	   and	   (2)	   the	   subsequent	   LTM	   effect	   equating	   for	   WM	   performance	  (WM+/LTM+	  >	  WM+/LTM-­‐).	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  WM	  equating	  for	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  Medial	  prefrontal	  cortex	   10	  /	  11	   321	   5.38	  a	   5.21	   -­‐6	   39	   -­‐6	  	   	   	   4.69	   4.58	   -­‐3	   54	   -­‐3	  	   	   	   4.57	   4.47	   12	   60	   0	  
(2)	  LTM	  equating	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐)	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  a	  pFWE	  <	  .05	  
	  3.2.2.3.2	  Subsequent	  LTM	  effect	  equating	  for	  WM	  performance	  A	   similar	   analysis	   for	   the	   subsequent	   LTM	   effect	   during	   the	   WM	   probe	   phase	   yielded	   only	   one	  marginally	  significant	  voxel	   in	   the	   left	  hippocampus	  (local	  maximum	  at	   [-­‐27,	   -­‐24,	   -­‐15];	  pSVC	  =	   .077).	  Outside	  the	  MTL,	  no	  significant	  activation	  was	  obtained,	  given	  our	  statistical	  threshold	  (see	  bottom	  right	  panel	  of	  Fig.	  5).	  




LTM	  performance,	  we	  reduced	  the	  likelihood	  of	  potential	  confounding	  effects	  and	  obtained	  a	  clearer	  measure	  of	  brain	  regions	  and	  networks	  supporting	  successful	  processing	  in	  an	  associative	  WM	  task.	  Results	   for	   the	  WM	  contrast	   “corrected”	   for	  LTM	  performance	   (i.e.,	   contrasting	  WM	   task	  hits	  with	  WM	   task	  misses	   for	  pairs	   subsequently	   forgotten	   in	   the	  LTM	   task)	   showed	   that,	   not	  unexpectedly	  (see	   discussion	   below),	   no	   clusters	   survived	   the	   statistical	   threshold	   for	   the	   WM	   maintenance	  period.	   In	   contrast,	   an	   established	   “retrieval	   success	   network”	   (Buckner,	   Andrews-­‐Hanna,	   &	  Schacter,	   2008;	   Henson,	   Hornberger,	   &	   Rugg,	   2005;	   Huijbers	   et	   al.,	   2010;	   Wagner	   et	   al.,	   2005),	  comprising	  anterior	  and	  posterior	  midline	  brain	  regions,	  was	  activated	  during	  the	  probe	  phase.	  With	  respect	  to	  the	  LTM	  contrast,	  equating	  for	  WM	  performance	  (i.e.,	  contrasting	  LTM	  task	  hits	  with	  LTM	  task	   misses,	   exclusively	   for	   pairs	   which	   were	   processed	   correctly	   in	   the	   previous	   WM	   task),	  activation	  in	  the	  left	  dorsolateral	  prefrontal	  cortex	  and	  left	  posterior	  parietal	  cortex	  /	   intraparietal	  sulcus	  during	  the	  early	  stage	  of	  the	  WM	  maintenance	  phase	  predicted	  performance	  on	  the	  LTM	  task.	  Finally,	  no	  clusters	  exhibited	  suprathreshold	  activation	  for	  the	  subsequent	  LTM	  effect	  during	  the	  late	  delay	  or	  the	  WM	  probe	  phase.	  The	  results	  are	  discussed	  in	  more	  detail	  below.	  








the	   dorsolateral	   prefrontal	   cortex	   has	   been	   implicated	   in	   the	   modulation	   of	   activity	   in	   posterior	  cortical	   areas	   and	   in	   engaging	   executive	   control	   mechanisms	   that	   allow	   for	   manipulation	   of,	  comparisons	   across,	   and	   the	   selection	   from	   representations	   being	   maintained	   in	   WM	   (Davachi,	  Maril,	   &	  Wagner,	   2001;	  Hopf	   et	   al.,	   2006;	  Wagner,	  Maril,	   Bjork,	   &	   Schacter,	   2001),	   particularly	   in	  relational	  memory	  tasks	  (Hannula	  &	  Ranganath,	  2008;	  Mitchell,	  Johnson,	  Raye,	  &	  D'Esposito,	  2000;	  Murray	  &	  Ranganath,	  2007;	  Piekema	  et	  al.,	  2006;	  Prabhakaran,	  Narayanan,	  Zhao,	  &	  Gabrieli,	  2000).	  Our	  findings	  further	  suggest	  that	  engagement	  of	  the	  dorsolateral	  prefrontal	  cortex	  may	  only	  play	  a	  temporary	  role	  during	  the	  maintenance	  phase,	  i.e.	  during	  the	  early	  stage	  of	  WM	  maintenance,	  rather	  than	  persistently	  across	   the	  whole	  maintenance	  phase.	  As	  mentioned	  previously,	  during	   the	   initial	  stage	   of	   the	   maintenance	   phase	   an	   internal	   representation	   of	   the	   target	   is	   thought	   to	   be	   formed	  (Ranganath	   et	   al.,	   2005)	   and	   information	   active	   in	  WM	  needs	   to	   be	   organized,	   as	   in	   our	   study,	   in	  which	   a	   total	   of	   four	   faces,	   each	   associated	   with	   a	   corresponding	   house,	   had	   to	   be	   remembered	  correctly.	   Considering	   the	   relatively	   high	   load	   as	   well	   as	   high	   pace	   of	   the	   encoding	   phase,	   a	   re-­‐organizing	  of	  the	  pairs	  may	  have	  been	  necessary.	  In	  their	  review,	  Blumenfeld	  and	  Ranganath	  (2007)	  proposed	   that	   one	   major	   function	   of	   the	   dorsolateral	   prefrontal	   cortex	   during	   WM	   may	   be	   to	  organize	   multiple	   pieces	   of	   information,	   thereby	   enhancing	   and	   strengthening	   memory	   for	  associations	  among	  items	  and	  promoting	  LTM	  for	  this	  kind	  of	  information.	  The	  notion	  that	  this	  may	  be	  particularly	  crucial	  for	  LTM	  formation	  can	  also	  be	  seen	  in	  our	  analyses	  of	  the	  LTM	  where	  we	  did	  not	   consider	  WM	   performance	   (i.e.,	   the	   “classical”	   subsequent	  memory	   effect	   LTM+	   >	   LTM-­‐)	   and	  which	  largely	  failed	  to	  demonstrate	  fronto-­‐parietal	  activation.	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allocentric	   spatial	   component.	   In	   their	   “subsequent	  WM	   effect”	   analysis	   (contrasting	   correct	   with	  incorrect	   trials)	   they	   found,	   amongst	   others,	   increased	   hippocampal	   activation	   for	   correct	   vs.	  incorrect	  trials	  for	  both	  the	  encoding	  and	  the	  probe	  phase.	  However,	  it	  could	  not	  be	  determined	  to	  what	  extent	   this	  was	  related	   to	   incidental	  LTM	  formation	  rather	   than	  “true”	  WM	  processing,	   since	  the	  authors	  administered	  only	  a	  WM	  task.	  To	   investigate	   the	   possible	   role	   of	   the	   hippocampus	   in	   (allocentric)	   spatial	  WM	   tasks,	  we	  adopted	   our	   paradigm	   of	   a	   combined	   WM	   and	   LTM	   task.	   Hence,	   in	   a	   functional	   MRI	   study	   we	  determined	   the	   underlying	   neural	   substrates	   of	   successful	   spatial	  WM	   and	   LTM.	   In	   each	   trial,	  we	  presented	  a	  rendered	  scene	  (indoor	  or	  outdoor	  scenes)	   in	  which	   trial-­‐unique	  objects	  were	  placed.	  Subsequently,	  during	  the	  probe	  phase,	  the	  scene	  was	  shown	  from	  a	  different	  angle	  and	  the	  objects	  were	  either	  presented	  at	   the	  same	  spot	  or	  one	  object	  changed	  its	   location	  or	  two	  objects	  swapped	  their	  location.	  On	  completion	  of	  the	  WM	  task,	  we	  assessed	  an	  unexpected	  recognition	  memory	  task	  outside	  the	  scanner	  to	  test	  LTM	  for	  the	  object-­‐location	  mappings.	  
2.	  Method	  
2.1	  Participants	  	  Thirty	  right-­‐handed	  healthy	  undergraduate	  students	  (12	  male;	  mean	  age	  =	  20.57	  years,	  ranging	  from	  18	  to	  27	  years)	  participated	  in	  the	  study.	  However,	  five	  participants	  (one	  male)	  were	  excluded	  from	  further	  analyses	  because	  they	  performed	  on	  chance	   level	  on	  the	  LTM	  task	  and	  another	  participant	  (female)	   performed	   on	   chance	   level	   (proportion	   correct	   55.7)	   on	   the	  WM	   task.	   The	   remaining	   24	  participants	   (mean	   age	   =	   20.71	   years)	   all	   had	   normal	   or	   corrected-­‐to-­‐normal	   vision.	   None	   had	   a	  history	  of	  neurological,	  major	  medical,	  or	  psychiatric	  disorders.	  Participants	  gave	  written	  informed	  consent	   according	   to	   the	   local	   ethics	   committee	   (CMO	   Region	   Arnhem-­‐Nijmegen)	   and	   the	  declaration	  of	  Helsinki.	  









Fig.	  1.	  Schematic	  overview	  of	  one	  trial	  of	  the	  delayed-­‐match-­‐to-­‐sample	  (WM)	  task	  and	  the	  LTM	   task.	   In	   each	   trial	   the	   four	   objects	   that	  were	   to	   be	   placed	   in	   the	   scene	  were	   first	  presented.	  Subsequently,	   the	  room	  without	   the	  objects	  was	  shown,	  whereupon	  the	   four	  objects	  were	  placed.	  During	  the	  probe	  phase,	  the	  room	  was	  shown	  from	  a	  different	  angle	  and	  subjects	  had	  to	  indicate	  whether	  the	  two	  objects	  were	  at	  the	  same	  spot	  as	  during	  the	  learning	  phase	  or	  not.	   In	   the	  LTM	  task,	   the	   two	  other	   items	  were	  probed	  and	   the	  room	  was	  again	  presented	  from	  a	  different	  orientation.	  
	  




	   After	   scanning,	   participants	   were	   presented	  with	   an	   unexpected	   recognition-­‐memory	   test	  (hereafter	   referred	   to	   as	   LTM	   task)	   to	   assess	   LTM	   for	   the	   item-­‐locations	   that	  were	   shown	   in	   the	  scanner.	  This	   task	  was	  highly	   similar	   to	   the	  probe	  phase	  of	   the	  WM	   task.	  That	   is,	   each	  of	   the	  140	  trials,	  started	  with	  the	  presentation	  of	  the	  scene,	  presented	  for	  1	  s,	  and	  followed	  by	  the	  placement	  of	  two	   objects.	   However,	   the	   location	   of	   the	   camera	   was	   again	   changed	   (i.e.,	   if	   the	   location	   of	   the	  camera	  had	  been	   at	   the	   left	   side	  during	   the	  WM	  probe,	   it	   now	  was	   at	   the	   right	   side)	   and	   the	   two	  previously	  un-­‐probed	  objects	  were	  tested	  (this	  was	  done	  to	  avoid	  double	  encodings).	  In	  50%	  of	  the	  trials	   the	   two	  objects	  were	  placed	   in	   the	   same	   location	  as	  during	   the	  encoding	  phase	   (‘match’),	   in	  25%	  on	  of	  the	  two	  objects	  changed	  its	  location	  and	  in	  the	  remaining	  25%	  the	  two	  objects	  swapped	  their	  positions.	  Again,	  participants	  only	  had	   to	   indicate	   if	   the	   location	  of	   the	  objects	  matched	  their	  original	   position	   (‘match’)	   or	   not	   (‘non-­‐match’).	   In	   addition,	   participants	   could	   give	   a	   confidence	  rating	   that	   ranged	   from	   1	   (“definitely	   not	   at	   the	   same	   location”)	   to	   6	   (“definitely	   at	   the	   same	  location”).	  Fig.	  1	  gives	  a	  schematic	  overview	  of	  the	  WM	  and	  LTM	  task.	  




time	  domain	  were	   removed	  by	  modeling	   the	   time	  series	   for	  each	  voxel	  by	  a	   set	  of	  discrete	   cosine	  functions	  to	  which	  a	  cutoff	  of	  128	  s	  was	  applied.	  	  









2.5	  Second-­‐level	  analyses	  The	   described	   individual	   contrast	   images	   were	   created	   and	   submitted	   to	   a	   second-­‐level	   factorial	  analysis,	   consisting	   of	   two	   factors:	   (1)	   Phase,	   consisting	   of	   four	   levels	   (encoding,	   early	   delay,	   late	  delay	   and	   probe	   phase)	   and	   (2)	   Response	   Category,	   comprising	   the	   three	   levels	   of	   interest	   (WM-­‐/LTM-­‐,	  WM+/LTM-­‐,	  WM+/LTM+).	   Participants	  were	   treated	   as	   random	  variable.	   Results	   from	   the	  random	  effects	  analyses	  were	  first	  thresholded	  at	  p	  =	  .001	  (uncorrected).	  Subsequently,	  cluster-­‐size	  statistics	   were	   used	   as	   the	   test	   statistic.	   For	   whole-­‐brain	   analyses,	   clusters	   at	   pFWE	   <	   0.05	   (FWE	  corrected	   for	   multiple	   non-­‐independent	   comparisons;	   Worsley	   et	   al.,	   1996)	   were	   considered	  significant	  and	  are	  reported	  together	  with	  the	  MNI	  coordinates	  of	  their	  local	  maximum.	  In	  addition,	  given	   the	   disputed	   role	   of	   the	   medial	   temporal	   lobe,	   an	   anatomical	   region	   of	   interest	   (ROI)	   was	  created	   which	   bilaterally	   covered	   the	   hippocampus	   or	   the	   parahippocampal	   region,	   respectively.	  These	  were	  used	  as	  a	  mask	  for	  small-­‐volume	  corrections	  (tested	  at	  pSVC	  <	  0.05).	  
3.	  Results	  
3.1	  Behavioral	  data	  3.1.1	  WM	  task	  Mean	  hit	   rate	  was	   76.01%	   (±	   9.01)	   and	  mean	   false	   alarm	   rate	   15.00%	   (±	   7.86),	  d’	   =	   1.83,	   ±	   0.47.	  Participants	  failed	  to	  respond	  within	  the	  time	  constraint	  of	  2	  seconds	  in	  5.65%	  of	  the	  trials.	  3.1.2.	  LTM	  task	  Figure	   4	   shows	   the	   distribution	   of	   averaged	   response	   proportions	   in	   the	   LTM	   task.	   A	   2	   (stimulus	  type:	  match	  vs.	  re-­‐arranged	  pair)	  by	  6	  (confidence	  rating:	  6-­‐point	  scale)	  repeated-­‐measure	  MANOVA	  revealed	  an	   interaction	  between	  confidence	  rating	  and	  stimulus	  type,	  F(5,	  102)	  =	  14.80,	  p	  <	   .0005,	  ηp²	  =	   .39.	  Post-­‐hoc	  paired-­‐sample	  t-­‐tests	  showed	  that	  the	  proportion	  of	   ‘6’	  (t(23)	  =	  4.98,	  p	  <	   .0005)	  and	  ‘5’	  (t(23)	  =	  4.00,	  p	  <	  .0005)	  ratings	  was	  significantly	  higher	  for	  matches	  than	  for	  non-­‐matches.	  In	  contrast,	  the	  proportion	  of	  ‘1’	  (t(25)	  =	  4.01,	  p	  =	  .001),	  ‘2’	  (t(23)	  =	  2.02,	  p	  =	  .056),	  and	  ‘3’	  (t(23)	  =	  4.33,	  




tested	   two-­‐tailed,	   for	   the	   ‘2’	   rating).	   Consequently,	   ‘correct’	   LTM	   trials	   were	   defined	   as	   correctly	  endorsing	   an	   intact	   arrangement	   with	   a	   confidence	   rating	   of	   5	   or	   6	   and	   as	   correctly	   rejecting	   a	  rearranged	   arrangement	   with	   a	   confidence	   rating	   of	   1,	   2	   or	   3.	   In	   contrast,	   LTM	   were	   classified	  ‘incorrect’	  when	  participants	  failed	  to	  endorse	  intact	  pairs	  with	  a	  confidence	  rating	  of	  5	  or	  6	  or	  failed	  to	   reject	   a	   rearranged	   arrangement	  with	   a	   rating	   of	   1,	   2	   or	   3.	   Each	  participant	   had	  more	   than	  10	  events	  of	  each	  response	  category.	  
	  
Fig.	  4.	  Behavioral	  performance	  on	  the	  LTM	  task.	  Distributions	  of	  mean	  hit	  and	  false	  alarm	  rates:	  Mean	   (±SEM)	   proportions	   of	   responses	   are	   depicted	   on	   the	   y-­‐axis	   and	   confidence	  ratings	  (“1”:	  definitely	  a	  non-­‐match;	  “6”:	  definitely	  a	  match)	  on	  the	  x-­‐axis.	  ***p	  ≤	   .001,	  +p	  =	  .056.	  




	  3.2.1.2	  Early	  and	  late	  maintenance	  phase	  For	  the	  early	  maintenance	  phase	  (see	  fig.	  5),	  this	  analysis	  revealed	  greater	  activation	  in	  the	  left	  (local	  maximum	  at	  [-­‐60,	  15,	  18];	  pFWE	  <	  .001)	  and	  right	  (local	  maximum	  at	  [51,	  9,	  12];	  pFWE	  <	  .001)	  inferior	  frontal	  gyrus.	   In	  addition,	  marginally	  significantly	  greater	  activation	  was	   found	   in	   the	   left	   fusiform	  gyrus	   (local	   maximum	   at	   [-­‐36,	   -­‐51,	   -­‐12];	   pFWE	   =	   .069).	   Small-­‐volume	   corrections	   for	   the	   medial	  temporal	  lobe	  did	  not	  reveal	  additional	  activation	  clusters.	  A	  similar	  analysis	  was	  performed	  for	  the	  late	  delay	  phase.	  However,	  no	  voxels	  exhibited	  supra-­‐threshold	  activation.	  	  
	  




Table	  1.	   Activations	   for	   the	   subsequent	  WM	  effect	   equating	   for	  LTM	  performance	   (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  during	  (1)	  encoding,	  (2)	  early	  or	  (3)	  late	  stage	  of	  the	  WM	  maintenance	  phase	  and	  (4)	  probe.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  Encoding	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	  
(2)	  Early	  delay	  Left	  inferior	  frontal	  gyrus	   L	  44	   120	   4.39	  a	   4.30	   -­‐60	   15	   18	  	   	   	   3.85	   3.79	   -­‐39	   9	   0	  	   	   	   3.79	   3.73	   -­‐48	   15	   0	  Right	  inferior	  frontal	  gyrus	   L	  44	   91	   4.45	  a	   4.35	   51	   9	   12	  	   	   	   4.21	   4.12	   57	   33	   18	  	   	   	   4.01	   3.93	   60	   15	   15	  Left	  fusiform	  gyrus	   L	  37	   42	   4.82	  a	   4.70	   -­‐36	   -­‐51	   -­‐12	  
(3)	  Late	  delay	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	  





Fig.	   6.	   Brain	   areas	   associated	  with	   a	   correct	  WM	  decision	   during	   the	  WM	  probephase,	  equated	  for	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐).	  Greater	  activation	  in	   left	  and	  right	   hippocampus,	   insula	   and	   bilateral	   post-­‐central	   gyrus,	   extending	   into	   parietal	   lobe	  was	  found.	  	  Activation	  clusters	  (p	  <	  .001,	  uncorrected,	  >30	  voxels)	  superimposed	  on	  averaged	  (n=24)	  high-­‐resolution	  T1-­‐weighted	   images.	  The	  data	   for	   these	   figures	  were	  extracted	  only	   for	  illustrative	  purposes	  and	  not	  for	  testing	  effects	  statistically.	  	  3.2.2	  Subsequent	  LTM	  effect	  equating	  for	  WM	  performance	  For	   the	   LTM	   task,	  we	   investigated	  which	   brain	   regions	   predicted	   successful	   LTM	  when	   pairs	   had	  already	  been	  correctly	  classified	  in	  the	  WM	  task.	  To	  this	  end,	  trials	  correctly	  recognized	  in	  WM	  and	  remembered	  in	  the	  LTM	  task	  were	  contrasted	  with	  stimulus	  sets	  recognized	  correctly	  in	  WM	  but	  not	  correctly	   in	   the	  LTM	  task	  (i.e.,	  WM+/LTM+	  >	  WM+/LTM-­‐).	  Somewhat	  surprisingly,	   though,	  we	  did	  not	  obtain	  any	  supra-­‐threshold	  activations	  for	  any	  of	  the	  four	  analyzed	  stages	  (encoding,	  early	  and	  late	  delay,	  probe	  phase).	  




successful	   decision	   on	   the	   WM	   or	   the	   LTM	   task.	   WM	   and	   LTM	   will	   be	   discussed	   in	   turn	   in	   the	  following	  sections.	  








related	   to	   the	   strong	   allocentric	   spatial	   component	   of	   the	   employed	   paradigm	   and	   future	   studies	  would	  have	  to	  determine	  the	  exact	  role	  of	   the	  hippocampus	  during	  the	  WM	  probe.	   In	  addition,	  we	  found	   bilateral	   insula	   as	   well	   as	   bilateral	   post-­‐central	   gyrus	   activity	   associated	   with	   a	   correct	  decisoin	  on	   the	  WM	  task	  and	  both	  regios	  are	  not	   typically	  described	  as	  being	  part	  of	   the	   retrieval	  succes	  network.	  However,	  previous	  studies	  found	  remarkably	  similar	  activation	  patterns	  in	  a	  visual	  memory	  task	  during	  retrieval	  (Abe	  et	  al.,	  in	  press).	  
4.2	  LTM	  task	  	  Unfortunately,	   the	   subsequent	   LTM	   effect	   did	   not	   reveal	   any	   differential	   activity	   for	   correct	   vs.	  incorrect	  trials	  for	  any	  of	  the	  four	  stages,	  standing	  in	  stark	  contrast	  to	  a	  number	  of	  previous	  reports	  that	  typically	  find	  encoding-­‐related	  differential	  activity	  (for	  a	  review,	  see	  Kim,	  2011).	  This	  could	  be	  the	  result	  of	  the	  relative	  difficulty	  of	  the	  LTM	  task.	  Not	  only	  did	  some	  participants	  mention	  that	  they	  had	   to	   guess	   rather	   often,	   also	   the	   distribution	   of	   responses	   as	   depicted	   in	   Fig.	   3	   shows	   that	  participants	   had	   some	   trouble	   differentiating	   between	   old	   and	   new	   configurations.	   For	   example,	  when	   taking	  a	   closer	   look	  at	   the	   response	  patterns	   in	  Fig.	  3,	   it	   can	  be	   seen	   that	  participants	  quite	  often	  pressed	   the	   ‘6’	   button	  erroneously	   (i.e.,	   in	   the	   case	  of	   a	  non-­‐match).	  When	   compared	   to	  our	  previous	   study	   (Bergmann	   et	   al.,	   2012)	   participants	   then	   pressed	   this	   button	   in	   only	   1.5%	  of	   the	  non-­‐match	   cases.	   In	   the	   present	   study,	   however,	   this	   proportion	   was	   9.8%.	   In	   addition,	   whereas	  participants	  pressed	  the	  ‘6’	  button	  more	  than	  12	  times	  more	  often	  in	  case	  of	  a	  match	  than	  in	  a	  non-­‐match	  in	  our	  previous	  study,	  this	  factor	  in	  the	  present	  study	  is	  not	  even	  2.	  	  This	  renders	  it	  of	  course	  rather	  difficult	  to	  detect	  differential	  activity	  between	  correct	  vs.	  incorrect	  trials.	  























Early	  and	  late	  stages	  of	  working-­‐memory	  maintenance	  contribute	  






























A	   third	   and	   last	   adaptation	   concerned	   the	   time	   course	   and	   the	   operationalization	   of	   the	  “early	  stage”	  of	  WM	  maintenance.	  Ranganath	  et	  al.	  (2005)	  used	  different	  operationalizations	  for	  the	  “early	  stage”	  of	  WM	  maintenance	  in	  the	  two	  conducted	  studies.	  In	  their	  fMRI	  experiment,	  the	  early-­‐delay	   regressor	   was	   timed	   2	   seconds	   after	   target	   offset;	   in	   the	   behavioural	   experiment	   the	   early	  interference	   condition	  began	  1	   second	  after	   target	  offset.	   In	  our	   experiment,	   the	   interference	   task	  began	  1.5	  seconds	  after	  target	  offset.	  	  
2.	  Experiment	  1	  













2.2	  Results	  2.2.1	  Delayed-­‐match-­‐to-­‐sample	  task	  A	  2	   (interference	   task:	   lines	  vs.	   figures)	  by	  5	   (Latency:	   short	  delay,	   long	  delay,	   early-­‐,	  middle-­‐	  and	  late	   interference)	   Repeated	   Measures	   analysis	   (Fig.	   2)	   with	   ‘Hit	   minus	   False	   Alarm	   Rate’	   as	  dependent	   variable	   revealed	   neither	   a	  main	   effect	   of	   Interference	   task	   (F	   <	   1)	   nor	   an	   interaction	  effect	  (F(4,44)	  =	  1.74,	  p	  =	  .16,	  ηp²	  =	  .04.	  However,	  the	  main	  effect	  of	  Latency	  was	  significant	  (F(4,44)	  =	   5.41,	   p	   <	   .0005,	   ηp²	   =	   .14).	   Post-­‐hoc	   t-­‐tests	   demonstrated	   a	   clear	   interference	   effect:	   The	  performance	   on	   the	   delayed-­‐match-­‐to-­‐sample	   task	   for	   the	   two	   silent	   delay	   conditions	   was	  significantly	  better	   than	   in	   the	   three	   interference	  conditions	  (all	  p-­‐values	  ≤.	  01)	  but	  no	  differences	  between	  the	  silent	  delay	  conditions	  nor	  between	  the	  three	  interference	  condition	  (all	  t’s	  <	  1).	  
	  




between	  stimulus	  type	  and	  confidence	  rating,	  F(5,44)	  =	  49.41,	  p	  <	  .0005.	  Post-­‐hoc	  paired-­‐sample	  t-­‐tests	   showed	  a	   significantly	   lower	  proportion	  of	   responses	   for	  old	   items	   relative	   to	  new	   items	   for	  confidence	   rating	   scales	   1	   to	   3	   (all	  p-­‐values	   <	   0.0005).	   In	   contrast,	   post-­‐hoc	   paired-­‐sample	   t-­‐tests	  showed	   a	   significantly	   higher	   proportion	   of	   rating	   for	   old	   items	   in	   comparison	   to	   new	   items	   for	  confidence	  rating	  scales	  5	  and	  6	  (all	  p-­‐values	  <	  0.0005).	  These	  results	  demonstrate	  that	  participants	  could	  successfully	  discriminate	  between	  old	  and	  new	  items	  at	  all	  confidence	  levels	  except	  of	  level	  4.	  Hence,	  5	  and	  6	  correct	  ratings	  were	  classified	  as	  “hits”,	  and	  1,	  2	  and	  3	  incorrect	  ratings	  as	  “misses”.	  	  
	  




main	   effect	   of	   Latency	   (F(4,	   44)	   =	   1.29,	   p	   =	   .29,	   ηp²	   =	   .11).	   Moreover,	   no	   interaction	   between	  Interference	  task	  ×	  Latency	  (F	  <	  1)	  was	  observed	  (see	  Fig.	  4,	  light-­‐grey	  bars).	  	  Examining	   exclusively	   those	   trials	   in	   which	   the	   target	   was	   recognized	   with	   highest	  confidence	  (‘6’	  responses)	  did	  not	  reveal	  an	   interaction	  effect	  between	  Interference	  task	  x	  Latency	  (F(4,	  44)	  =	  1.15,	  p	  =	  .35)	  either.	  In	  addition,	  this	  analysis	  did	  not	  yield	  a	  main	  effect	  of	  Interference	  task	  (F(1,	  47)	  =	  1.02,	  p	  =	  .32).	  However,	  a	  main	  effect	  of	  Latency	  was	  found	  (F(4,	  45)	  =	  2.98,	  p	  =	  .03,	  ηp²	  =	   .21).	  Post-­‐hoc	   t-­‐tests	  showed	  the	  hypothesized	  pattern:	   In	  general,	  participants’	  performance	  was	  worse	   for	   both	   the	   early	   interference	   condition	   (M	   =	   28.3%)	   and	   short	   delay	   condition	   (M	   =	  29.4%)	  than	  on	  the	  middle	  interference	  (M	  =	  36.7%),	  late	  interference	  (M	  =	  33.5%),	  and	  long	  delay	  condition	   (M	   =	   37.0%),	   respectively	   (all	   p-­‐values	   <	   .05).	   The	   only	   exception	   was	   that	   the	  performance	   on	   the	   short	   delay	   condition	   did	   not	   differ	   significantly	   from	   the	   late	   interference	  condition,	  t(48)	  =	  1.14,	  p	  =	  .26.	  	  
	  



















3.	  Experiment	  2	  










corresponded	  to	  the	  80	  targets	  followed	  by	  a	  foil	  in	  the	  delayed-­‐match-­‐to-­‐sample	  task	  as	  well	  as	  60	  new,	  i.e.,	  not	  previously	  presented	  stimuli.	  For	  similar	  reasons	  as	  in	  study	  1	  (refreshing	  of	  the	  to-­‐be-­‐remembered	   cue	   and	   thereby	   defeating	   the	   purpose	   of	   interference),	   the	  matching	   probes	   of	   the	  delayed-­‐match-­‐to-­‐sample	  task	  were	  this	  time	  not	  probed	  during	  this	  task	  at	  all.	  
3.2	  Results	  3.2.1	  Delayed-­‐match-­‐to-­‐sample	  task	  To	   examine	   the	   moment	   of	   interference	   effect	   on	   the	   delayed-­‐match-­‐to-­‐sample	   task,	   a	   Repeated	  Measures	   analysis	   of	   variance	   was	   conducted	   with	   Latency	   (no	   interference,	   early-­‐,	   middle,	   late	  interference)	  as	  within-­‐subjects	   factor	   ‘Hit	  minus	  False	  Alarm	  Rate’	  as	  dependent	  variable	  (Fig.	  6).	  This	  revealed	  a	  main	  effect	  of	  Latency,	  F(3,44)	  =	  15.89,	  p	  <	  .0005,	  ηp²	  =	  .52.	  Post-­‐hoc	  t-­‐tests	  showed	  a	  clear	   interference	   effect.	   The	   mean	   performance	   on	   the	   silent	   delay	   condition	   was	   higher	   in	  comparison	  with	  each	  of	  the	  three	  interference	  conditions	  (all	  three	  p-­‐values	  <	  .0005).	  Moreover,	  no	  differences	  in	  performance	  were	  found	  between	  the	  three	  interference	  conditions	  (all	  three	  t-­‐values	  <	  1).	  	  
	  




3.2.2	  Subsequent	  recognition	  memory	  task	  Figure	  7	  shows	  the	  distribution	  of	  response	  proportions	  in	  the	  subsequent	  recognition	  memory	  task,	  with	   the	   confidence	   scale	   ranging	   from	   -­‐10	   to	   +10.	   A	   two	   (stimulus	   type:	   old	   or	   new)	   by	   20	   (ten	  confidence	   levels	   for	   each	   rating,	   old	   or	   new)	   repeated	   measures	   ANOVA	   showed	   an	   interaction	  between	  stimulus	  type	  and	  confidence	  rating,	  F(19,28)	  =	  8.89,	  p	  <	  .0005.	  Post-­‐hoc	  paired-­‐sample	  t-­‐tests	   showed	   a	   significantly	   lower	   proportion	   of	   rating	   for	   old	   items	   relative	   to	   new	   items	   for	  confidence	  rating	  scales	  -­‐4	  to	  -­‐9	  (all	  p-­‐values	  <	  0.05);	  the	  difference	  on	  the	  -­‐10	  rating	  just	   failed	  to	  reach	   significance	   significant	   (t(46)	   =	   1.97,	   p	   =	   .054).	   In	   contrast,	   post-­‐hoc	   paired-­‐sample	   t-­‐tests	  showed	   a	   significantly	   higher	   proportion	   of	   rating	   for	   old	   items	   in	   comparison	   to	   new	   items	   for	  confidence	  rating	  scales	  3	  (p	  =	  .01)	  and	  7-­‐10	  (all	  p-­‐values	  <	  0.01).	  Participants	  showed	  no	  successful	  discrimination	  between	  old	  and	  new	  stimuli	   for	   confidence	   levels	  4	   to	  6.	  As	  a	   result,	  we	  classified	  ‘hits’	  as	  endorsing	  old	  items	  correctly	  as	  ‘old’	  with	  a	  confidence	  rating	  of	  7	  or	  higher.	  	  	  
	  




To	  test	  our	  hypothesis	  whether	  there	  is	  a	  gradual	  increase	  in	  LTM	  performance	  from	  early	  to	  late	  interference	  during	  WM	  maintenance,	  a	  Repeated	  Measures	  analysis	  of	  variance	  was	  performed	  with	   Latency	   as	   within	   subjects	   factor	   and	   the	   proportion	   correct	   score	   on	   the	   LTM	   task	   as	  dependent	  variable	  (Fig.	  8).	  A	  main	  effect	  of	  Latency	  was	  obtained,	  F(3,44)	  =	  3.26,	  p	  =	  .03	  ηp²	  =.18.	  Post-­‐hoc	   t-­‐tests	   showed	   no	   significant	   difference	   between	   the	   early	   and	   middle	   interference	  condition	   (t	   <	   1).	   However,	   differences	   were	   found	   between	   the	   early	   and	   the	   late	   interference	  condition	   (t(46)	   =	   1.77,	   p	   =	   .042	   (one-­‐tailed)	   as	   well	   as	   between	   the	   early	   and	   no	   interference	  condition,	   t(46)	  =	  1.82,	  p	  =	   .038	  (one-­‐tailed).	   In	  both	  cases,	  performance	  on	   the	  early	   interference	  condition	  was	  worse.	  A	  similar	  pattern	  was	  observed	  for	  the	  middle	  interference	  condition	  (since	  we	  did	  not	  have	  priori	  predictions	  for	  this	  conditions,	  t-­‐tests	  are	  here	  two-­‐tailed):	  The	  performance	  was	  worse	   than	   on	   the	   late	   interference	   (t(46)	   =	   2.53,	   p	   =	   .02,	   two-­‐tailed)	   and	   the	   non-­‐interference	  condition	  (t(46)	  =	  2.46,	  p	  =	  .02,	  two-­‐tailed).	  No	  differences	  were	  found	  between	  the	  late	  interference	  and	  non-­‐interference	  condition	  (t	  <	  1).	  	  	  
	  












the	  delayed	  recognition	  memory	  task:	  higher	  LTM	  performance	  for	  trials	  with	  a	  longer	  delay	  length	  than	   shorter	   delay	   length.	   The	   findings	   were	   interpreted	   as	   evidence	   that	   “LTM	   encoding	   occurs	  during	   WM	  maintenance”	   (Nichols	   et	   al.,	   2006,	   p.	   612).	   Van	   Geldorp	   and	   colleagues	   (2012)	   also	  conducted	  a	  delayed-­‐match-­‐to-­‐sample	   task	   in	  a	  group	  of	  Korsakoff	  amnesia	  patients	  and	  a	  control	  group,	   followed	  by	   a	   subsequent	   recognition	  memory	   task.	  However,	   in	   that	   study,	   an	   associative	  memory	  tasks	  was	  administered,	  which	  required	  the	  participants	  to	  remember	  pairings	  of	  faces	  and	  houses	  in	  each	  trial.	  The	  delay	  length	  was	  either	  3	  or	  6	  seconds.	  Interestingly,	  they	  did	  not	  find	  any	  effect	  of	  delay	  length,	  neither	  on	  the	  WM	  nor	  the	  LTM	  task.	  Possibly,	  Nichols	  and	  colleagues	  (2006)	  disrupted	   the	  early	   stage	  of	   the	  WM	  maintenance	  period	  and	   therefore	   their	  participants	   failed	   to	  form	  a	  stable	  internal	  representation	  of	  the	  target.	  In	  turn,	  van	  Geldorp	  et	  al.	  (2012)	  probed	  after	  a	  maintenance	  interval	  of	  three	  seconds,	  possibly	  allowing	  their	  participants	  enough	  time	  for	  a	  deeper	  elaboration	  of	  the	  to-­‐be-­‐learned	  information	  and	  to	  form	  an	  elaborate	  mental	  representation	  of	  the	  target	  (the	   fact	   that	  our	  results	  suggest	   that	   the	  elaboration	  of	  an	   internal	  stimulus	  representation	  mat	   be	   still	   on-­‐going	   may	   be	   due	   to	   the	   different	   study	   populations	   and/or	   to	   the	   differential	  complexity	  of	  the	  stimuli	  used	  in	  our	  experiment	  as	  compared	  to	  the	  face-­‐house-­‐pairings	  employed	  by	  van	  Geldorp	  et	  al.,	  2012).	  We	  concur	  with	  the	  notion	  of	  Nichols	  et	  al.	  (2006)	  who	  proposed	  that	  a	  longer	  delay	  might	  foster	  LTM	  encoding,	  but	  only	  to	  a	  certain	  extent.	  In	  light	  of	  the	  current	  results,	  we	   argue	   that	   the	   time	   during	   a	   longer	   delay	   interval	   is	   typically,	   or	   optimally,	   used	   to	   form	   a	  holistic,	  maybe	   semantic-­‐	   or	   conceptual-­‐based	   representation	   of	   the	   target	  which	   in	   turn	   helps	   to	  remember	   it	  across	  even	   longer	  delays.	  As	  noted	  earlier,	  however,	   this	  positive	  effect	  of	   increased	  rehearsal	  only	  applies	  if	  one	  “uses	  the	  rehearsal	  time	  to	  enrich	  and	  elaborate	  the	  memory	  trace”	  but	  not	  if	  the	  “time	  is	  used	  merely	  to	  maintain	  the	  trace	  in	  some	  simple	  form”	  (Craik	  &	  Watkins,	  1973,	  p.606).	  




direction	   and	   highly	   similar	   results	   have	   been	   replicated	   twice.	   That	   is,	   in	   two	   studies	   we	   found	  highly	   similar	   results	   as	   Ranganath	   et	   al.	   (2005)	   did	   in	   their	   behavioural	   study	   and	   a	   double	  replication	  of	  previous	  results	  can,	   in	  our	  view,	  be	  regarded	  as	  a	   reliable	  protection	  against	   type	   I	  errors.	   One	  may	  also	  object	  that	  at	  least	  some	  of	  the	  employed	  stimuli	  bear	  similarity	  to	  real	  objects	  and	  could	  thus	  be	  easily	  named.	  It	  is	  well	  known	  that	  participants	  try	  to	  verbalize	  all	  kind	  of	  stimuli	  in	   order	   to	   improve	   the	   encoding	   and	   memory	   of	   the	   to-­‐be-­‐learned	   material.	   However,	  interpretation	   of	   our	   results	   is	   based	   on	  differences	   between	  different	   conditions	   (i.e.,	   differential	  onset	   times	   of	   the	   interference	   task	   or	   length	   of	   the	   maintenance	   interval)	   and	   stimuli	   were	  randomly	   assigned	   to	   the	   different	   conditions.	  Hence,	   even	   if	   participants	   tried	   to	   verbalize	   some	  targets,	   it	   is	  unlikely	   that	   this	  poses	  a	  problem	   for	   the	  pattern	  as	  well	  as	   the	   interpretation	  of	  our	  results.	  
4.2	  How	   can	  our	   results	   be	   interpreted	   in	   light	   of	   other	   existing	   theories	   on	  WM,	   LTM	  and	  








possible	  that	  the	  presentation	  of	  an	  interference	  stimulus	  does	  disturb	  the	  online	  maintenance	  of	  the	  featural	  properties	  of	  the	  stimulus	  (i.e.,	  the	  relatively	  low-­‐level	  representation	  of	  the	  stimulus)	  and	  consequently	  impairs	  performance	  on	  the	  WM	  task.	  Moreover,	  this	  is	  unaffected	  by	  the	  time	  of	  when	  the	   interference	   stimulus	   is	   being	   presented	   (at	   least	   as	   long	   as	   memory	   is	   tested	   within	   a	   few	  seconds	  after	  stimulus	  presentation).	  Performance	  on	  the	  LTM	  task,	   in	  contrast,	  may	  rely	  more	  on	  deeper,	  more	  elaborated	   internal	   representations	  of	   the	  stimulus	   -­‐	  a	  process,	  as	  stated	  previously,	  possibly	  requiring	  some	  time	  to	  be	  completed.	  Consequently,	  LTM	  performance	  may	  be	  unaffected	  by	   the	   possible	   disturbed	   featural	   representation	   of	   the	   stimulus	   as	   long	   as	   a	   more	   semantic	  representations	  has	  already	  been	  formed	  at	  the	  moment	  of	  interference.	  	  




also	   important	   to	   note	   that	   there	   is	   a	   fundamental	   difference	   between	   studies	   on	   the	   attentional	  blink	   or	   paradigms	   using	   rapid	   serial	   visual	   presentations	   (RSVP)	   and	   the	   present	   paradigm.	  Whereas	  RSVP	   studies	   investigated	   the	   consolidation	   of	   durable	  WM	   representations,	   the	   present	  paper	  examined	  the	  timing	  of	  the	  formation	  of	  a	  durable	   internal	  representation	  required	  to	  make	  an	  accurate	  LTM	  decision	  in	  a	  subsequent	  recognition	  memory	  task.	  This	  distinction	  would	  explain	  the	  temporal	  differences	  found	  in	  the	  present	  studies	  and	  the	  results	  of	  previous	  studies	  suggesting	  that	   encoding	   of	   for	   example	   faces	   may	   require	   500ms	   or	   more.	   That	   is,	   in	   our	   studies	   on	   LTM	  formation	  an	   interference	   stimulus	  presented	  as	   late	  as	  2.5	   s	   after	   sample	   stimulus	  offset	   affected	  LTM	  performance,	   suggesting	   that	   processes	   critical	   for	   successful	   LTM	   encoding	  may	   go	   on	  well	  beyond	   processes	   required	   for	   WM	   consolidation,	   as	   investigated	   in	   previous	   studies	   on,	   for	  example,	  the	  attentional	  blink.	  
4.4	  Conclusion	  In	   conclusion,	   additional	   evidence	  has	  been	   found	   that	  WM	  processes	   critically	   contribute	   to	  LTM	  performance.	  However,	   as	   previously	   been	   suggested,	   the	   effects	   on	   LTM	  performance	   during	   the	  maintenance	  interval	  do	  not	  appear	  to	  be	  linear.	  That	  is,	  there	  seems	  to	  be	  a	  functional	  segregation	  with	  the	  early	  maintenance	  phase	  being	  particularly	  relevant	  for	  successful	  LTM	  formation.	  Whether	  the	  effects	  of	  the	  early	  maintenance	  phase	  is	  truly	  specific	  for	  the	  maintenance	  phase	  or	  whether	  it	  is	  reminiscent	   of	   on-­‐going	   encoding	   processes,	   which	   have	   not	   been	   completed,	   has	   yet	   to	   be	  determined.	  
	  
	  




















The	  effects	  of	  valence	  and	  arousal	  on	  associative	  	  













Background.	  Emotion	  can	  either	  facilitate	  or	  impair	  memory,	  depending	  on	  what,	  when	  and	  how	  memory	  is	  tested	  and	  whether	  the	  paradigm	  at	  hand	  is	  administered	  as	  a	  working	  memory	  (WM)	  or	  a	  long-­‐term	  memory	  (LTM)	  task.	  Whereas	  emotionally	  arousing	  single	  stimuli	  are	  more	  likely	  to	  be	  remembered,	  memory	  for	  the	  relationship	  between	  two	  or	  more	  component	  parts	  (i.e.,	  relational	  memory)	  appears	  to	  be	  worse	  in	  the	  presence	  of	  emotional	  stimuli,	  at	  least	  in	  some	  relational	  memory	  tasks.	  The	  current	  study	  investigated	  the	  effects	  of	  both	  valence	  (neutral	  vs.	  positive	  vs.	  negative)	  and	  arousal	  (low	  vs.	  high)	  in	  an	  inter-­‐item	  WM	  binding	  and	  LTM	  task.	  
Methodology/Principal	  Findings.	  A	  five-­‐pair	  delayed-­‐match-­‐to-­‐sample	  (WM)	  task	  was	  administered.	  In	  each	  trial,	  study	  pairs	  consisted	  of	  one	  neutral	  picture	  and	  a	  second	  picture	  of	  which	  the	  emotional	  qualities	  (valence	  and	  arousal	  levels)	  were	  manipulated.	  These	  pairs	  had	  to	  be	  remembered	  across	  a	  delay	  interval	  of	  10	  seconds.	  This	  was	  followed	  by	  a	  probe	  phase	  in	  which	  five	  pairs	  were	  tested.	  After	  completion	  of	  this	  task,	  an	  unexpected	  single	  item	  LTM	  task	  as	  well	  as	  an	  LTM	  task	  for	  the	  pairs	  was	  assessed.	  As	  expected,	  emotional	  arousal	  impaired	  WM	  processing.	  This	  was	  reflected	  in	  lower	  accuracy	  for	  pairs	  consisting	  of	  high-­‐arousal	  pictures	  compared	  to	  pairs	  with	  low-­‐arousal	  pictures.	  A	  similar	  effect	  was	  found	  for	  the	  associative	  LTM	  task.	  However,	  the	  arousal	  effect	  was	  modulated	  by	  affective	  valence	  for	  the	  WM	  but	  not	  the	  LTM	  task;	  pairs	  with	  low-­‐arousal	  negative	  pictures	  were	  not	  processed	  as	  well	  in	  the	  WM	  task.	  No	  significant	  differences	  were	  found	  for	  the	  single-­‐item	  LTM	  task.	  




















second	  stimulus	  of	  which	  the	  emotional	  content	  was	  manipulated.	  Based	  on	  previous	  studies	  and	  the	  object-­‐binding	   theory	   (Mather,	   2007)	   we	   predicted	   that	   high-­‐arousal	   stimuli	   would	   increase	  attention	   for	   the	   stimulus	   content,	   thereby	   producing	   a	   cost	   for	   the	   required	   binding	   process.	  Consequently,	  picture	  pairs	  containing	  high-­‐arousal	  pictures	  were	  hypothesized	  to	  be	   less	   likely	  to	  be	  correctly	  processed	   in	  WM	  than	  picture	  pairs	  consisting	  of	   less	  arousing	  stimuli.	   In	  addition,	  as	  there	   is	   some	   evidence	   that	   not	   only	   encoding-­‐related	   but	   also	   post-­‐encoding	   or	   consolidation	  processes	  affect	  the	  outcome	  in	  episodic	  LTM	  tasks	  and	  based	  upon	  previously	  reports	  on	  impaired	  emotional	  memory	   on	   paired-­‐associate	   tasks,	   we	   hypothesized	   similar	   effects	   for	   the	   unexpected	  associative	  LTM	  task	  (i.e.,	  a	  detrimental	  effect	  of	  arousal).	  Finally,	   the	  attention	  bias	   towards	  high-­‐arousal	  stimuli	  may	  be	  expected	  to	  be	  reflected	  in	  better	  single-­‐item	  memory	  as	  opposed	  to	  memory	  for	  less	  arousing	  stimuli.	  This	  hypothesis	  was	  tested	  in	  a	  single-­‐item	  LTM	  task.	  
2.	  Method	  






2.2	  Material	  2.2.1	  Stimuli	  The	  stimuli	  for	  the	  WM	  and	  LTM	  task	  were	  drawn	  from	  the	  IAPS	  (Lang,	  2008).	  The	  IAPS	  is	  a	  stimulus	  set	  of	  colour	  pictures,	  which	  communicate	  their	  affective	  quality	  relatively	  quickly.	  We	  selected	  IAPS	  stimuli	   on	   the	   basis	   of	   their	   valence	   (positive	   vs.	   negative	   vs.	   neutral)	   and	   arousal	   (low	   vs.	   high)	  ratings.	   Since	  neutral	   stimuli	   are,	   by	  definition,	   not	   arousing,	   the	  pictures	  were	   compiled	   into	   five	  different	  categories:	  (1)	  high-­‐arousal	  positive,	  (2)	  low-­‐arousal	  positive,	  (3)	  high-­‐arousal	  negative,	  (4)	  low-­‐arousal	   negative	   and	   (5)	   neutral	   pictures.	   In	   total	   250	   IAPS	   pictures	   were	   selected,	   125	   low	  arousal	   /	  neutral	  pictures	   (Valence:	  M	   =	  5.14,	  SD	   =	  2.06,	  Arousal:	  M	   =	  3.71,	  SD	   =	  2.06),	   as	  well	   as	  additional	  25	  pictures	  per	  category.	  Efforts	  were	  made	  to	  match	  the	  stimuli	  across	  categories	  with	  respect	   to	   the	   content	   (e.g.,	   presence	   of	   people,	   animals).	   In	   addition,	   since	   the	   IAPS	   stimulus	   set	  contains	  many	   photos	   of	   the	   same	   object	   type	   (e.g.,	  many	   snakes	   and	   spiders),	   we	   did	   not	   select	  more	  than	  three	  of	  each	  type	  and	  care	  was	  taken	  that	  all	  stimuli	  could	  be	  discriminated	  well	   from	  each	  other.	  To	  check	  whether	  arousal	  and	  valence	  were	  accordingly	  matched,	  a	  one-­‐way	  MANOVA	  with	   the	   six	   levels	   of	   Category	   as	   between-­‐subjects	   factor	   was	   run	   on	   the	   Arousal	   and	   Valence	  ratings	   of	   female	   participants	   as	   provided	   by	   Lang,	   Bradley	   and	   Cuthbert	   (2008).	   The	   ratings	  differed	  in	  the	  intended	  and	  manipulated	  way,	  for	  example:	  positive	  high-­‐arousal	  pictures	  did	  differ	  from	  negative	  high-­‐arousal	  pictures	   in	   terms	  of	   their	  valence	   (p	  <	   .0005)	   level	  but	  not	   in	   terms	  of	  arousal	   levels	  (p	  =	   .95).	   In	  addition,	  arousal	   levels	  of	  the	  neutral	  pictures	  was	  lower	  than	  those	  for	  both	  positive	  (p	  =	   .02)	  and	  negative	   low-­‐arousal	   (p	  =	   .004)	  stimuli,	  whereas	   the	   latter	   two	  did	  not	  differ	  significantly	  from	  each	  other	  (p	  =	  .69;	  see	  Table	  1).	  	  	  
Table	   1.	   Mean	   (SD)	   of	   valence	   (V)	   and	   arousal	   (A)	   ratings	   for	   the	   five	   different	   stimuli	   categories	   as	  provided	  by	  Lang	  et	  al	  (2008).	  	  	   	   	   Valence	   	  	  Arousal	   	  Low	  	  High	  	  
Positive	  V	  =	  7.72	  (0.49)	  A	  =	  4.05	  (0.33)	  V	  =	  7.49	  (0.42)	  A	  =	  6.30	  (0.41)	  
Negative	  V	  =	  3.05	  (0.61)	  A	  =	  4.14	  (0.30)	  V	  =	  2.90	  (0.46)	  A	  =	  6.28	  (0.40)	  













emotional	  pictures	  that	  were	  presented	  as	  a	  match	  in	  the	  WM	  probe	  phase	  were	  used	  for	  this	  task	  and	  analyses	  were	  restricted	  to	  items	  that	  were	  (as	  a	  pair	  together	  with	  the	  non-­‐emotional	  stimulus)	  correctly	  processed	  during	  the	  WM	  task.	  This	  was	  done	  in	  order	  to	  correct	  for	  WM	  performance	  and	  to	  ensure	  as	  reliably	  as	  possible	  that	  results	  on	  the	  LTM	  task	  were	  not	  contaminated	  by	  performance	  on	  the	  WM	  task.	  Participants	  were	  instructed	  to	  rate	  each	  stimulus	  on	  a	  confidence	  scale	  that	  ranged	  from	  1	  (“definitely	  not	  seen	  during	  the	  WM	  task”)	  to	  6	  (“definitely	  seen”)	  by	  pressing	  corresponding	  buttons	  on	  the	  keyboard.	  	  2.2.2.3	  LTM	  binding	  task	  The	  effect	  of	  valence	  and	  arousal	  on	  associative	  LTM	  was	  assessed	  with	  an	  unexpected	  subsequent	  recognition	   memory	   task,	   administered	   after	   the	   single	   item	   LTM	   task	   (see	   Fig.	   1).	   Each	   trial	  consisted	  of	  one	  emotional	  picture	  that	  was	  depicted	  in	  the	  upper	  part	  of	  the	  screen	  and	  two	  non-­‐emotional	   pictures	   that	   were	   presented	   below	   and	   next	   to	   each	   other.	   The	   location	   of	   these	   two	  stimuli	  (i.e.,	  left	  or	  right)	  was	  randomized.	  	  One	  of	  these	  non-­‐emotional	  pictures	  was	  paired	  with	  the	  emotional	  picture	  during	   the	  encoding	  phase	  and	  also	  probed	  during	   the	  WM	  task	  (i.e.,	   the	  pair	   in	  question	   was	   presented	   twice	   during	   the	  WM	   task).	   The	   second	   non-­‐emotional	   picture	   was	   also	  presented	   during	   the	   WM	   task	   but	   was	   part	   of	   a	   re-­‐arranged	   pair	   during	   the	   WM	   probe	   phase.	  Hence,	   all	   stimuli	   were	   presented	   twice	   during	   the	  WM	   task	   and	   judgements	   could	   not	   be	   based	  upon	   familiarity	   of	   one	   of	   the	   individual	   items.	   The	   participants’	   task	   was	   to	   choose	   the	   correct	  pairing	   and	   could	   rate	   each	   decision	   on	   a	   confidence	   scale	   that	   ranged	   from	   1	   (“definitely	   seen	  together	  with	   the	   left	  picture”)	   to	  3	   (“not	   sure,	  but	  maybe	   seen	  with	   the	   left	  picture”)	   and	   from	  4	  (“not	   sure,	   but	  maybe	   seen	  with	   the	   right	   picture”)	   to	   6	   (“definitely	   seen	   together	  with	   the	   right	  picture”).	   The	   confidence	   scale	  was	   depicted	   at	   the	   lower	   part	   of	   the	   screen	   throughout	   the	   LTM	  task.	  The	  task	  was	  self-­‐paced	  and	  test	  pairs	  were	  separated	  from	  each	  other	  by	  a	  500ms	  ISI.	  See	  Fig.	  1	  for	  more	  details.	  




instead	  of	  d’	  was	  chosen	  as	  a	  signal-­‐detection	  measure.	  A’	  prime	  was	  calculated	  as	  follows:	  A′	  =	  0.5	  +	  (HR	   −	   FAR)(1	   +	   HR	   −	   FAR)	   /	   4HR(1	   −	   FAR),	   where	   HR	   is	   the	   individual	   Hit	   Rate	   and	   FAR	   the	  individual	  False	  Alarm	  Rate.	  Since	  the	  binding	  LTM	  task	  was	  a	  two-­‐alternative	  forced	  choice	  task,	  no	  false	  alarm	  could	  be	  defined,	  therefore	  “Proportion	  Correct”	  was	  used	  as	  the	  outcome	  measure.	  
3.	  Results	  





Fig.	  2.	  Bar	  graphs	  of	  the	  results	  of	  the	  delayed-­‐match-­‐to	  sample	  (WM)	  task.	  Left	  panel:	  Hit	  –	  False	  Alarm	  Rates	   for	  pairs	  consisting	  of	  one	  neutral	  and	  either	  another	  neutral	  or	  a	  low-­‐	  or	  high	  arousal	  picture.	  	  Right	   panel:	   Corrected	   Recognition	   when	   considering	   Valence	   levels.	   Particularly	   pairs	  containing	  a	  low-­‐arousal	  positive	  picture	  were	  more	  likely	  to	  be	  correctly	  remembered.	  Error	  bars	  represent	  the	  standard	  error	  of	  mean.	  	  A	   similar	   analysis	   with	   A’	   as	   the	   dependent	   variable	   revealed	   the	   same	   main	   effects	   of	  Arousal	  (F(1,42)	  =	  5.20,	  p	  =	  .03,	  ηp²	  =	  .11,	  MSE	  =	  0.003)	  and	  Valence	  (F(2,41)	  =	  4.82,	  p	  =	  .03,	  ηp²	  =	  .10,	  
MSE	  =	  0.018).	  The	  interaction	  between	  these	  two	  factors,	  however,	  just	  failed	  to	  reach	  significance,	  (F(2,41)	  =	  3.72,	  p	  =	   .06,	  ηp²	  =	   .08,	  MSE	  =	  0.004).	  As	  can	  be	  seen	   in	  Table	  2,	   the	  pattern	   looks	  very	  similar	  to	  the	  analysis	  with	  the	  corrected	  recognition	  as	  dependent	  measure;	  with	  pairs	  consisting	  of	  low-­‐arousal	  positive	  pictures	  being	  most	  likely	  to	  be	  correctly	  processed.	  See	  Fig.	  2	  for	  more	  details.	  




2.26,	   p	   =	   .12,	   ηp²=	   .099;	   see	   Fig.	   3,	   left	   panel).	   The	   analogous	   analysis	   with	   A’	   as	   the	   dependent	  measure	  did	  not	  yield	  a	  main	  effect	  of	  Arousal	  either	  (F(2,41)	  =	  2.12,	  p	  =	  .13,	  ηp²	  =	  .09,	  MSE	  =	  0.003).	  
	  
Fig.	  3.	  Bar	  graphs	  of	  the	  results	  of	  the	  single-­‐item	  LTM	  task.	  Left	  panel:	  ‘Hit	  –	  False	  Alarm	  Rates’	  for	  neutral,	  low-­‐arousal	  and	  high-­‐arousal	  items	  in	  the	  single	  item	  LTM	  task.	  No	  significant	  differences	  were	  found.	  Right	   panel:	   Corrected	   Recognition	   when	   considering	   Valence	   levels.	   No	   statistically	  reliable	  differences	  were	  found.	  	  Subsequently,	   a	   2	   (Valence:	   positive	   vs.	   negative)	   ×	   2	   (Arousal:	   low	   vs.	   high)	   Repeated	  Measures	  ANOVA	  was	  conducted	  to	  evaluate	  the	  effect	  of	  both	  Valence	  and	  Arousal	  on	  single	   item	  LTM	  (Fig.	  3,	  right	  panel).	  This	  analysis	  did	  neither	  reveal	  main	  effects	  of	  Valence	  (F(1,42)	  =	  1.68,	  p	  =	  .20,	  ηp²=	  .039),	  Arousal	  (F(1,42)	  =	  1.61,	  p	  =	  .21,	  ηp²=	  .037)	  nor	  an	  interaction	  effect	  (F(1,42)	  =	  1.13,	  
p	  =	  .29,	  ηp²=	  .026).	  The	  analysis	  with	  A’	  revealed	  identical	  results,	  with	  no	  main	  effects	  of	  Arousal	  (F	  <	   1)	   and	   Valence	   (F(1,42)	   =	   2.13,	   p	   =	   .15,	   ηp²	   =	   .05,	  MSE	   =	   0.001),	   and	   no	   significant	   interaction	  (F(1,42)	  =	  1.46,	  p	  =	  .23,	  ηp²	  =	  .03,	  MSE	  =	  0.001).	  See	  Fig.	  3	  for	  more	  details.	  




arousal	   pictures	   (M	   =	   .89)	   were	   equally	   well	   remembered	   than	   neutral/neutral	   picture	   pairs	   (M	  =	   .88,	  p	   =.	   42),	   but	   both	   stimulus	   types	  were	   better	   recalled	   than	   pairs	   consisting	   of	   high-­‐arousal	  pictures	  (M	  =	  .84;	  p	  =	  .001	  and	  p	  =	  .01,	  respectively).	  	  
	  
Fig.	  4.	  Bar	  graphs	  of	  the	  results	  of	  the	  associative	  LTM	  task.	  Left	   panel:	   Proportion	   Correct	   for	   pairs	   consisting	   of	   one	   neutral	   picture	   and	   another	  neutral	  or	  a	  low-­‐	  or	  high	  arousal	  picture.	  Pairs	  consisting	  of	  high-­‐arousal	  picture	  were	  less	  likely	  to	  be	  remembered	  in	  the	  LTM	  task.	  	  Right	   panel:	   Proportion	   Correct	   when	   considering	   Valence	   levels.	   Particularly	   pairs	  containing	  high-­‐arousal	  positive	  picture	  were	  less	  likely	  to	  be	  remembered.	  Error	  bars	  represent	  the	  standard	  error	  of	  mean.	  	  Omitting	  the	  neutral/neutral	  pairs,	  a	  2	  (Valence:	  positive	  vs.	  negative)	  ×	  2	  (Arousal:	  low	  vs.	  high)	  Repeated	  measures	  ANOVA	  was	  conducted	  (Fig.	  4,	  right	  panel).	  Again,	  a	  main	  effect	  of	  Arousal	  was	  found,	  F(1,42)	  =	  12.94,	  p	  =	  .001,	  ηp²	  =	  .236,	  MSE	  =	  0.011.	  Pairs	  consisting	  of	  low-­‐arousal	  pictures	  (M	  =	  89.8%)	  were	  significantly	  better	  remembered	  than	  pairs	  consisting	  of	  high-­‐arousal	  pictures	  (M	  =	  84.0%).	  Moreover,	  neither	  a	  main	  effect	  of	  Valence	  (F	  <	  1),	  nor	  an	  interaction	  effect	  (F(1,42)	  =	  1.79,	  




Table	  2.	   	  Hit	  (HR),	  false	  alarm	  rates	  (FAR),	  the	  sensitivity	  measure	  A’,	  and	  Proportion	  Correct	  (PR)	  as	  a	  function	  of	  task	  and	  condition.	  	   	   	   Condition	   	   	  	   neutral	   positive/	  low	   positive/	  high	   negative/	  low	   negative/	  high	  WM	   HR	  =	  .91	  FAR	  =	  .07	  A’	  =	  .95	  
HR	  =	  .93	  FAR	  =	  .05	  A’	  =	  .97	  
HR	  =	  .88	  FAR	  =	  .10	  A’	  =	  .93	  
HR	  =	  .89	  FAR	  =	  .11	  A’	  =	  .93	  
HR	  =	  .89	  FAR	  =	  .12	  A’	  =	  .93	  LTM	  single	   HR	  =	  .89	  FAR	  =	  .06	  A’	  =	  .96	  
HR	  =	  .88	  FAR	  =	  .01	  A’	  =	  .97	  
HR	  =	  .88	  FAR	  =	  .01	  A’	  =	  .97	  
HR	  =	  .90	  FAR	  =	  .04	  A’	  =	  .96	  
HR	  =	  .86	  FAR	  =	  .01	  A’	  =	  .96	  LTM	  binding	   PR	  =	  .89	   PR	  =	  .91	   PR	  =	  .83	   PR	  =	  .88	   PR	  =	  .85	  	  
	  








4.2	  Long-­‐term	  memory:	  Single-­‐item	  task	  The	  current	   study	  did	  not	   confirm	  our	  hypothesis	   that	  high-­‐arousal	  pictures	  are	  more	   likely	   to	  be	  correctly	   remembered	  when	   tested	   individually.	   Possibly,	   the	   time	   interval	   between	   the	  WM	   and	  LTM	  task	  may	  have	  been	  too	  short	  to	  reveal	  significant	  differences.	  There	  is	  some	  evidence	  that	  the	  “typical”	  emotional	  enhancement	  effect	  increases	  with	  longer	  retention	  intervals	  (Cahill	  et	  al.,	  1996;	  Canli	  et	  al.,	  2000;	  Pierce	  &	  Kensinger,	  2011;	  Tabert	  et	  al.,	  2001)	  and	  it	  is	  therefore	  possible	  that	  the	  hypothesized	  arousal	  effect	  might	  have	  been	  obtained	  if	  the	  interval	  between	  the	  WM	  task	  and	  the	  single	  item	  LTM	  task	  had	  been	  increased.	  In	  addition,	  performance	  levels	  on	  the	  single-­‐item	  memory	  task	   were	   high	   (although	   only	   two	   participants	   scored	   at	   ceiling),	   possibly	   occluding	   the	  hypothesized	  effects.	  One	  solution	  to	  these	  two	  problems	  might	  be	  to	  increase	  the	  number	  of	  trials	  or	  to	  increase	  the	  similarity	  between	  target	  and	  distracting	  stimuli	  in	  the	  LTM	  task	  (as,	  for	  example,	  has	  been	  done,	  in	  Mather	  &	  Nesmith,	  2008).	  








which	  participants	  would	   be	   required	   to	   reject	   the	  most	   recently	   experienced	   stimulus	   pairs	   and,	  thus,	   make	   the	   task	   essentially	   a	   source	   memory	   task.	   Also,	   applying	   a	   “correction”	   for	   WM	  performance,	   as	   employed	   in	   the	  present	  paper,	  would	  be	  nearly	   impossible	   since	   the	   ‘cue-­‐target’	  pairing	  would	  not	   have	  been	  probed	  during	   the	  WM	   task.	  A	   second	   alternative	  would	  be	   to	   leave	  some	  pairs	  unprobed	  during	  the	  WM	  task	  but	  instead	  test	  them	  later	  in	  the	  LTM	  task.	  This	  approach,	  however,	  would	  also	  render	  the	  applied	  “WM	  performance	  correction”	  complex.	  In	  addition,	  it	  would	  require	  a	  larger	  number	  of	  trials	  and/or	  more	  stimuli,	  which	  was	  not	  feasible	  with	  the	  present	  setup	  of	   the	  experiment	  and	   the	   IAPS	  stimulus	  database.	  Nevertheless,	   future	   studies	   could	  evaluate	   the	  effect	  of	  these	  double	  encodings	  by	  comparing	  the	  three	  alternatives	  in	  an	  appropriate	  study	  design.	  



























	  	  	  	  	  	  	  	  	  




1.	  Introduction	  The	   aim	   of	   the	   present	   thesis	   was	   to	   identify	   behavioral	   and	   neural	   differences	   between	   and	  commonalities	   of	   associative	   working	   memory	   (WM)	   and	   associative	   long-­‐term	   memory	   (LTM),	  using	   behavioral	   as	   well	   as	   functional	   neuroimaging	   studies	   in	   healthy,	   young	   participants.	   The	  presented	  studies,	  particularly	  the	  neuroimaging	  work,	  were	  based	  on	  the	  underlying	  rationale	  that	  “LTM	  may	  be	  needed	   to	  support	  performance	  even	  when	  memory	   is	   tested	   immediately	   following	  learning	   of	   new	   material”	   (Jeneson	   &	   Squire,	   2012,	   p.16)	   and,	   hence,	   that	   WM	   “involves	   the	  activation	   of	   many	   areas	   of	   the	   brain	   that	   involve	   LTM”	   (Baddeley,	   2012,	   p.18).	   Based	   on	   these	  assumptions,	  I	  argued	  that	  brain	  regions	  previously	  associated	  with	  (successful)	  WM	  might	  actually	  have	  been	  related	  to	  (incidental)	  LTM	  formation.	  Analogously,	  brain	  regions	  previously	  implicated	  in	  LTM	  might	   have	   been	  more	   exclusively	   related	   to	   processes	   more	   typically	   associated	   with	  WM.	  Hence,	  to	  obtain	  a	  clearer	  measure	  of	  which	  brain	  regions	  support	  either	  (associative)	  WM	  or	  LTM	  performance,	   I	  developed	  a	  combined	  associative	  WM	  and,	  using	   identical	   stimuli	  and	  similar	   task	  demands,	  an	  associative	  subsequent	  recognition	  memory	  task	  (LTM)	  task	  (see	  Fig.	  1	  for	  a	  “typical”	  paradigm	  used	  in	  all	  Chapters).	  As	  for	  the	  functional	  neuroimaging	  studies	  (Chapter	  2	  to	  4),	  the	  WM	  task	  was	  assessed	  in	  an	  event-­‐related	  fMRI	  design	  whereas	  the	  LTM	  task	  was	  typically	  administered	  after	  completion	  of	  the	  WM	  task	  and	  outside	  the	  scanner.	  This	  paradigm	  enabled	  me	  to	  statistically	  “correct”	  for	  potential	  confounds	  of	  either	  memory	  system	  when	  assessing	  the	  neural	  substrates	  of	  either	  WM	  or	  LTM.	  In	  addition,	  I	  investigated	  the	  effects	  of	  the	  length	  of	  uninterrupted	  maintenance	  during	   a	   WM	   task	   (Chapter	   5)	   and	   the	   effect	   of	   emotional	   stimuli	   (Chapter	   6)	   for	   both	   WM	  processing	  and	  LTM	  formation.	  
	  












as	  well	  as	  by	  the	  moment	  the	  interference	  task	  occurred.	  Short	  maintenance	  phases	  as	  well	  as	  early	  interference	   negatively	   affected	   LTM	   performance	   as	   compared	   to	   longer	  maintenance	   phases	   or	  when	   the	   interference	   task	   started	   during	   a	   later	   point	   in	   time.	   The	   results	   were	   interpreted	   as	  reflecting	   the	   differential	   time	   courses	   of	   the	   formation	   of	   representations	   required	   to	   make	   a	  correct	  WM	  or	  LTM	  decision.	  Whereas	  a	  perceptual,	  featural	  representation	  may	  be	  sufficient	  for	  an	  accurate	   WM	   decision,	   a	   deeper,	   more	   elaborate	   and	   possibly	   semantically	   enriched	   internal	  representation	  is	  required	  for	  successful	  LTM	  formation.	  Critically,	  the	  process	  of	  the	  formation	  of	  a	  deeper	   internal	   representation	  may	   require	  more	   time	   to	   be	   completed	   and	   this	   formation	  might	  have	  been	  disturbed	  by	  precipitate	  probing	  or	  the	  employment	  of	  an	  interference	  task	  shortly	  after	  the	  offset	  of	  the	  stimulus.	  Another	  aspect	  which	  may	  differentially	  affect	  WM	  and	  LTM	  is	  the	  emotional	  quality	  (i.e.,	  the	  valence	   and	   arousal	   level)	   of	   the	   to-­‐be-­‐retained	   stimuli.	   Therefore,	   Chapter	   6	   employed	   another	  combined	  associative	  WM	  and	  LTM	  task,	  using	  emotional	  stimuli.	  That	  is,	  during	  the	  delayed-­‐match-­‐to-­‐sample	  task	  pairs	  of	  emotionally	  neutral	  pictures	  were	  paired	  with	  emotional	  pictures,	  of	  which	  the	  affective	  valence	  (positive	  vs.	  neutral	  vs.	  negative)	  as	  well	  as	  the	  arousal	  level	  (high	  vs.	  low)	  was	  manipulated.	  WM	  and	  LTM	  performance	  was	  analyzed	  as	  a	  function	  of	  the	  valence	  and	  arousal	  levels	  of	   this	  second	  stimulus.	  As	   for	   the	  WM	  task,	  a	  hypothesized	  salience	  effect	  was	  obtained:	  Stimulus	  pairs,	  consisting	  of	  a	  highly	  arousing	  stimulus	  as	  well	  as	  pairs	  with	  a	   low-­‐arousal	  negative	  picture,	  were	   less	   likely	   to	   be	   correctly	   recognized	   than	   stimulus	   pairs	   consisting	   of	   two	   relatively	   less	  arousing	  stimuli.	  A	  similar	  arousal	  effect	  was	  found	  for	  the	  LTM	  task.	  These	  effects	  were	  explained	  by	  negative	  as	  well	  as	  highly	  arousing	  stimuli	  attracting	  the	  attention,	  producing	  a	  cost	  for	  the	  actual	  task,	  namely	  the	  binding	  of	  the	  two	  stimuli.	  	  
3.	  General	  Discussion	  





















memory	  (as	  he	  used	  to	  call	  what	  now	  is	  often	  referred	  to	  as	  short-­‐term	  memory	  or	  WM)	  “is	  not	  thus	  brought	   back;	   it	   was	   never	   lost;	   its	   date	   was	   never	   cutoff	   in	   consciousness	   from	   that	   of	   the	  immediately	   present	  moment.	   In	   fact,	   it	   comes	   to	   us	   as	   belonging	   to	   the	   rearward	   portion	   of	   the	  present	  space	  of	  time,	  and	  not	  to	  the	  genuine	  past”	  (James,	  1890,	  pp.	  608-­‐609).	  In	  fact,	  the	  WM	  probe	  most	  of	  the	  times	  mainly	  involves	  the	  comparison	  of	  a	  mental,	  internal	  representation	  of	  the	  to-­‐be-­‐remembered	  stimulus	  to	  a	  current	  sensory	  experience	  (Hannula	  &	  Ranganath,	  2008).	  However,	  this	  notion	   ignores	   that	   at	   least	   some	   (possibly	   more	   complex)	   WM	   tasks	   involve	   more	   complex	  decisions	   to	  be	  made.	   For	   example,	   one	   “classical”	   neuropsychological	   task	   to	   assess	   (verbal)	  WM	  capacity,	  used	  in	  both	  research	  and	  clinical	  evaluation,	  are	  the	  forward	  and	  backward	  versions	  of	  the	  digit	  span	  task.	  A	  previous	  study	  reported	  a	  wide	  network	  of	  brain	  areas	  being	  activated	  during	  the	  recall	   /	   retrieval	   phase	   as	  well	   as	   substantial	   differences	   between	   the	   retrieval	   in	   the	   forward	   as	  compared	  to	   the	  backward	  condition	  of	   the	   task	  (Sun	  et	  al.,	  2005).	  Even	  though	  this	  study	  did	  not	  compare	  successful	  vs.	  failed	  retrieval,	  these	  results	  indicate	  that	  WM	  retrieval	  reflects	  more	  than	  a	  passive	  process.	  Thus,	  engagement	  of	  brain	  regions	  appear	  to	  depend	  upon	  the	  task	  characteristics	  and	   demands.	   Consequently,	   in	   Chapter	   3,	   I	   obtained	   activation	   in	   an	   often-­‐reported	   “retrieval	  success	   network”,	   indicating	   that	   participants	   needed	   to	   actively	   retrieve	   the	   to-­‐be-­‐learned	  information.	   	   In	   addition,	   using	   a	   spatial	   task,	   I	   obtained	   hippocampal	   activity	   for	   the	  WM	   probe	  being	  associated	  with	  a	  correct	  decision	  on	   the	  WM	  task.	  The	   fact	   that	   this	  was	  only	   found	   in	   this	  study	  woth	  a	  stronger	  spatial	  component	  may	  be	  due	  to	  the	  fact	  that	  indeed	  the	  hippocampus	  may	  only	  play	  a	   role	   in	  more	   complex,	   allocentric	   spatial	  processing,	   irrespective	  of	   the	  delay	  between	  study	  and	  test.	  




attentional	  engagement	  towards	  emotionally	  arousing	  stimuli	  is	  relatively	  prolonged	  as	  compared	  to	  emotionally	  neutral	  stimuli	  (Anderson	  &	  Phelps,	  2001;	  Maratos,	  2011).	  In	  his	  reviews,	  Pessoa	  (2008,	  2009)	  proposed	  a	  dual-­‐competition	   framework	  concerning	  cognitive-­‐emotional	   interaction.	   In	   this	  view,	   the	   influence	  of	   emotion	  on	  cognition	  depends	  on	   the	   intensity	  of	   the	   level	  of	   the	  emotional	  stimulus;	   high-­‐arousal	   stimuli	   would	   typically	   impair	   task	   performance	   as	   they	   are	   thought	   to	  consume	   cognitive	   resources	   needed	   for	   the	   actual	   task.	   Low-­‐arousal	   stimuli,	   in	   contrast,	   are	  proposed	   to	   enhance	   sensory	   processing	   and,	   as	   a	   consequence,	   may	   improve	   task	   performance.	  This	   framework	  appears	  to	  be	  nicely	   in	   line	  with	  the	  results	  of	  Chapter	  6:	  Attentional	  and	  salience	  effects	  may	  have	  caused	  a	  bias	  towards	  the	  highly-­‐arousing	  stimuli,	  resulting	  in	  a	  cost	  for	  the	  actual	  task	   of	   the	   employed	  memory	   paradigm:	   the	   binding	   of	   the	   two	   stimuli,	   and	   reflected	   in	   a	   lower	  accuracy	  for	  pairs	  consisting	  of	  high	  arousal	  stimuli	  in	  both	  WM	  and	  LTM	  task.	  




performance	  must	  also	  depend	  on	  long-­‐term	  memory,	  are	  the	  amount	  of	  information	  that	  can	  be	  held	  in	  mind	  and	  how	  amenable	  this	  information	  is	  to	  active	  rehearsal.	  If	  the	   capacity	   of	   working	   memory	   is	   exceeded,	   or	   if	   material	   cannot	   be	   effectively	  maintained	   by	   rehearsal	   (as	   can	   be	   the	   case	   for	   nonverbal	   material),	   performance	  must	  depend	  at	  least	  in	  part	  on	  long-­‐term	  memory,	  even	  at	  short	  retention	  intervals.	  Long-­‐term	   memory	   is	   also	   needed	   to	   support	   performance	   as	   soon	   as	   attention	   is	  diverted,	  even	  when	  the	  amount	  of	  material	  to	  be	  learned	  is	  limited	  and	  even	  when	  it	  is	  amenable	  to	  rehearsal.”	  (pp.	  15-­‐16).	  	  	  I	   agree	   that	  LTM	  may	  be	  needed	   to	   support	  WM	  even	   if	  memory	   is	   tested	   immediately	  or	  within	  seconds	  of	  learning.	  Indeed,	  performance	  on	  such	  a	  task	  may	  rely	  more	  heavily	  on	  processes	  more	   typically	   associated	   with	   LTM	   than	   on	   a	   task	   where	   the	   to-­‐be-­‐learned	   information	   is	  presumably	   within	  WM	   capacity	   and	   where	   the	  memorandum	  was	   actively	   rehearsed	   across	   the	  delay	  period.	  However,	  I	  doubt	  that	  WM	  performance	  is	  not	  confounded	  by	  LTM	  processes	  if	  the	  to-­‐be-­‐retained	   information	   is	   within	   WM	   capacity	   or	   when	   attention	   is	   not	   diverted	   from	   the	  memorandum.	   Instead,	   I	   argue	   that	   in	   almost	   all	   cases	   people	   create	   and	   hold	   multiple	  representations	   simultaneously	   in	   mind	   and	   that	   it	   is	   these	   types	   of	   representations	   as	   well	   as	  cognitive	  processes	  and	  operations	  that	  determine	  whether	  task	  performance	  relies	  more	  heavily	  on	  processes	  typically	  associated	  with	  LTM	  or	  on	  processes	  classically	  related	  to	  WM.	  In	  other	  words,	  unless	  the	  creation	  of	  a	  deeper,	  semantically	  enriched	  representation	  is	  prevented	  (which	  is	  virtually	  impossible)	  performance	  on	  the	  WM	  task	  is	  almost	  always	  and	  inherently	  confounded	  by	  processes	  more	  typically	  associated	  with	  LTM,	  irrespective	  of	  the	  length	  of	  the	  maintenance	  interval,	  memory	  load	  or	  whether	  attention	  was	  diverted	  from	  the	  memorandum	  or	  not.	  Thus,	  I	  would	  agree	  that	  WM	  and	  LTM	  differences	  can	  primarily	  be	  explained	  by	  differences	  in	  underlying	  processing	  modes	  and	  that	   there	   is	   no	   need	   to	   postulate	   distinct	   memory	   systems	   which	   obey	   to	   different	   rules	   as	   a	  function	  of	  the	  time	  scale	  or	  delay	  length.	  This	  will	  be	  further	  extended	  in	  the	  following	  section.	  








the	  execution	  of	  a	  “WM	  task”,	  but	  is	  not	  necessarily	  required	  to	  perform	  the	  task	  successfully.	  As	  can	  be	  seen	  from	  our	  fMRI	  study	  in	  Chapter	  2,	  we	  found	  hippocampal	  activation	  during	  the	  execution	  of	  an	   associative	   WM	   task,	   where	   two	   stimuli	   needed	   to	   be	   bound,	   during	   the	   encoding	   phase.	  However,	  hippocampal	  activation	  was	  related	  to	  successful	  LTM	  formation	  rather	  than	  a	  correct	  WM	  decision.	  	   The	   view	   that	   not	   the	   type	   of	   the	   task	   but	   rather	   the	   type	   of	   processing	   is	   critical	   and	  particularly	  that	  performance	  after	  a	  short	  delay	  may	  be	  based	  on	  the	  sensory	  experience	  and	  after	  a	  longer	  delay	  on	  semantic	  representations	  has	  been	  proposed	  much	  earlier	  (e.g.,	  Kintsch	  &	  Buschke,	  1969)	   and	   is	   often	   referred	   to	   as	   the	   processing	   or	   proceduralist	   account,	   which	   emphasizes	  encoding	  and	  retrieval	  processes	   instead	  of	  memory	  systems	  or	  locations	  where	  the	  memory	  might	  be	  stored	  (Surprenant	  &	  Neath,	  2009).	  In	  sum,	  if	  one	  argues	  that	  the	  type	  of	  processing	  as	  well	  as	  the	  nature	  of	  the	  representation	  is	  the	  decisive	  factor	  that	  determines	  if	  an	  item	  is	  only	  held	  for	  a	  short	  interval	  or	  if	  it	  is	  remembered	  in	  the	  long	  term	  and	  that	  people	  can	  create	  and	  hold	  multiple	  representations	  simultaneously,	  there	  is,	  in	  my	  view,	  no	  need	  to	  postulate	  separate	  memory	  stores	  or	  systems.	  	  




necessarily	  mean	  that	  performance	  on	  the	  WM	  task	  had	  not	  been	  partially	  supported	  by	  LTM	  at	  all.	  It	  may	  only	  mean	  that,	  up	  to	  60-­‐75	  minutes	  after	  initial	  presentation	  of	  the	  stimuli	  participants	  were	  not	   able	   to	   correctly	   identify	   these	   items	   or	   rather	   that	   there	   was	   no	   evidence	   of	   successful	  recognition	  of	  these	  stimuli	  on	  the	  LTM	  task.	  While	  this	  objection	  cannot	  be	  discarded,	  I	  nonetheless	  argue	   that	   the	   results	   on	   our	   WM	   analyses	   are	   substantially	   less	   confounded	   by	   incidental	   LTM	  encoding	  than	  if	  performance	  on	  a	  subsequent	  LTM	  task	  had	  not	  been	  considered	  at	  all,	  as	  has	  been	  done	  in	  virtually	  all	  previous	  studies	  on	  WM.	  	   Another	   recurring	   point	   of	   critique	   is	   that,	   at	   least	   in	   some	   of	   the	   presented	   papers,	  WM	  capacity	  was	  exceeded,	  i.e.,	  a	  supra-­‐span	  tasks	  were	  administered	  and,	  hence,	  performance	  on	  these	  WM	   tasks	   may	   again	   have	   been	   confounded	   by	   LTM	   processes.	   This	   objection	   appears	   to	   be	  grounded	  on	  the	  proposal	  that	  WM	  capacity	  is	  limited	  and	  may	  not	  comprise	  more	  than	  four	  items	  or	  chunks.	  However,	   it	   is	  also	  based	  on	  the	  idea	  that	  there	  is	  a	  clear	  dissociation	  between	  WM	  and	  LTM	  and	  that	  –	  as	  stated	  previously	  –	  WM	  performance	  only	  depends	  “at	  least	  in	  part”	  on	  LTM	  “if	  the	  capacity	   of	   working	   memory	   is	   exceeded,	   or	   if	   material	   cannot	   be	   effectively	   maintained	   by	  rehearsal”	  (Jeneson	  &	  Squire,	  2012,	  p.15).	  This	  assumption	  is	  almost	  certainly	  wrong	  and	  I	  therefore	  doubt	  whether	  memory	  load	  is	  a	  decisive	  factor	  in	  distinguishing	  memory	  systems	  from	  each	  other.	  Again,	   it	   is	  not	  possible	   to	  rule	  out	   the	  possibility	   that	  performance	  on	  our	  WM	  tasks	  depended	  at	  least	  in	  part	  on	  processes	  more	  typically	  associated	  with	  LTM.	  Nevertheless,	  it	  is	  interesting	  to	  note	  that	  brain	  regions	  known	  to	  be	  involved	  in	  the	  binding	  of	  stimuli	  into	  a	  coherent	  episode	  as	  well	  as	  in	  semantic	  processing	  seemed	  to	  be	  associated	  with	  LTM	  performance,	  indicating	  that	  the	  statistical	  reduction	  of	  the	  potential	  confound	  of	  LTM	  processes	  was	  at	  least	  to	  some	  extent	  successful.	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